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Resumen
Los cristales foto´nicos son estructuras con una modulacio´n perio´dica de la constante
diele´ctrica que permiten el control de la luz en taman˜os del orden de la longitud de
onda en el material. Un caso particular de estas estructuras son los cristales foto´nicos
bidimensionales que esta´n constituidos por una gu´ıa de ondas plana cuya constante
diele´ctrica ha sido modulada perio´dicamente. En este caso, el conﬁnamiento en la
direccion vertical se consigue por reﬂexio´n total interna y en el plano mediante la
modulacio´n perio´dica.
Uno de los principales propo´sitos de esta Tesis ha sido la mejora de las propiedades
de conﬁnamiento de estructuras de cristal foto´nico. Con este objetivo se han fab-
ricado distintas estructuras como la red Fase-Suzuki en la parte superior de un
reﬂector de Bragg. En esta estructura se ha medido un aumento importante de la
intensidad de emisio´n (hasta 7 veces) para una banda plana. Siguiendo el princi-
pal propo´sito de la Tesis, se han usado distintas estructuras foto´nicas para obtener
nuevos dispositivos la´ser en la nanoescala. Para ello, se ha desarrollado un proceso
de fabricacio´n capaz de proporcionar cavidades de cristal foto´nico con factores de
calidad altos. Una nueva red, la hibrida triangular-graﬁto, ha sido fabricada en una
conﬁguracio´n disen˜ada para la emisio´n vertical. Se ha medido emisio´n la´ser con fac-
tores de calidad altos (≃12000). Adema´s, se ha demostrado emisio´n la´ser en re´gimen
de excitacio´n continua en microcavidades the cristal foto´nico usando una sola capa
de hilos cua´nticos de InAs/InP. Para ello se han fabricado cavidades L7 con factores
de calidad de hasta 55000. En excitacio´n pulsada a medida que la potencia de ex-
citacio´n aumenta, se ha medido emisio´n la´ser con varios picos cuyas separaciones
esta´n en el rango de meV y en el rango de los 휇eV.
Por u´ltimo, se ha conseguido la emisio´n de “luz cua´ntica”. Para ello se ha desar-
rollado un proceso de fabricacio´n de cristales foto´nicos en GaAs. Estos resultados
pueden ser u´tiles para el desarrollo en el futuro de fuentes eﬁcientes de fotones in-
dividuales para dispositivos o´pticos en tecnolog´ıa de la informacio´n y computacio´n
cua´nticas.

Conclusiones
Los resultados de esta Tesis se resumen en los siguientes puntos:
1. Se ha medido un aumento de la intensidad de emisio´n de entre 4 y 7 veces (1.9
veces para k=0) para la “banda plana” de la red Fase-Suzuki en la parte su-
perior de un reﬂector de Bragg. Esta nueva estructura foto´nica da lugar a una
estructura de bandas foto´nicas en la que los modos transversales magne´ticos
(TM-like) aparecen de modo natural debido a la ruptura de la simetr´ıa espec-
ular.
2. Se ha medido emisio´n la´ser con factores de calidad altos (≃12000) en estruc-
turas de cristal foto´nico de a´rea extendida con emisio´n vertical usando la red
hibrida triangular-graﬁto. Esta estructura proporciona un nuevo mecanismo
de formacio´n de modos de Bloch en torno al punto Γ.
3. Se ha obtenido emisio´n la´ser en el re´gimen de excitacio´n continua en cavidades
de cristal foto´nico L7 con una sola capa de hilos cua´nticos de InAs/InP. Se han
medido factores de calidad hasta ≃55000 en estructuras con un factor de cali-
dad intr´ınseco de 70000. Se ha demostrado que el alineamiento espacial entre
los hilos cua´nticos y la cavidad juega un papel importante. El comportamiento
bajo excitacio´n pulsada muestra formas de l´ınea asime´tricas y separaciones en-
tre picos en rangos de meV y de 휇eV a medida que la potencia de excitacio´n
se incrementa.
4. Se han disen˜ado y fabricado microcavidades de cristal foto´nico con anillos
cua´nticos de In(Ga)As/GaAs embebidos; la emisio´n de la red de cristal foto´nico
ha mostrado emisio´n de fotones individuales. Este proceso abre el camino
para futuros trabajos en tecnolog´ıa de estado so´lido de informacio´n cua´ntica
y computacio´n cua´ntica.

Abstract
Photonic crystals (PCs) are structures with a periodic modulation of the dielectric
constant. PCs enable the control of light at the scale of the wavelength of the light
in the material. A particular sort of these structures are the “two dimensional” PCs,
which are made of a slab which dielectric constant has been modulated in a periodic
way. In that case, the light is conﬁned in the vertical direction by index guiding and
in-plane by the eﬀect of the periodic modulation of the dielectric constant.
One of the main goals of this Thesis has been the enhancement of the optical con-
ﬁnement of the fabricated photonic crystal structures. With this aim, diﬀerent
structures have been fabricated like the Suzuki-phase on top of a Bragg reﬂector.
An important enhancement of the emission intensity (up to seven times) has been
measured for a ﬂat band. Diﬀerent photonic structures aiming to enhance the con-
ﬁnement of the light have been used for the obtention of new laser devices in the
nanoscale. A fabrication process on InP capable to provide high Q photonic crystal
microcavities (PCMs) has been developed. A new hybrid triangular-graphite lattice
has been fabricated in a conﬁguration designed for vertical laser emission with high
quality factors (Q≃12000). Continuous wave laser emission on PCMs using a sin-
gle layer of InAs/InP quantum wires (QWrs) has been demonstrated in L7-PCMs,
with Qs up to 55000. Moreover, under pulsed excitation multipeak emission (with
splittings in the meV and in the 휇eV ranges as the excitation power is increased)
has been measured.
Finally, an insight in the emission of “quantum light” has been achieved. For this
purpose a fabrication process of PC structures on GaAs material has been devel-
oped. These results can be useful for the future development of eﬃcient single
photon sources which are building blocks for quantum information optical devices
and quantum computing technology.
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Chapter 1
Introduction
In this chapter a brief introduction to the photonic crystals is given. The concept of pho-
tonic crystal, photonic band structure, photonic band gap, photonic crystal microcavity and
photonic crystal waveguides are presented. A short description of the light-matter interac-
tion on microcavities is showed too. Finally, an overview and the goals of this Thesis is
presented.
1.1 Photonic crystals
Current information society needs to handle a continuously increasing amount of
information data. A way to overcome the bandwidth limitations of the electrical
wiring and reduce the high energy consumption is to use light. This provides a way
to manage a huge amount of data at high speeds and with lower consumption of
energy [1, 2]. In this context, one of the most promising platforms to manipulate light
are the photonic crystals (PCs). Due to their possibilities of tailoring the light in
the micro-nanoscale (small footprint) the PCs constitute an important springboard
for integrated nanophotonic networks [3], fast information processing, computing by
optical means [4, 2] and potential quantum computing networks [5, 6]. Motivated by
these facts, research in the ﬁeld of PCs has suﬀered an exponential growth since the
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proposals of E. Yablonovich [7] and S. John [8] in the late eighties. [7, 8], although
the research in the ﬁeld of periodic dielectric structures began some time before [9].
The work of [7] was focused in the control of spontaneous emission in periodic
dielectric structures while Ref. [8] was about the localization of the light by disorder
in certain dielectric material. This was the onset of the PCs research ﬁeld.
The PC’s can be deﬁned as a medium with a periodic modulation of the dielectric
constant in 2D or 3D with high-index-contrast.a
This periodic modulation of dielectric constants gives rise to a photonic band struc-
ture in an analogous way to what happens in solid state physics where a periodic
potential gives the electronic band structure. This band structure can present a pho-
tonic band gap (PBG), i.e., a forbidden region where the photons cannot propagate.
In that case, if the optically active electronic transitions overlaps with the PBG, a
strong suppression of the spontaneous emission happens [7, 10], even in the case of
2D-PC slabs [11]. When a defect is created in the PC structure a strong conﬁnement
of the light can be obtained in a volume of the order of a cubic wavelength of the light
in the material (∼ (휆/푛)3) [12, 13]. If the dielectric medium shows suitable proper-
ties, diﬀerent eﬀects and functionalities can be obtained like Purcell eﬀect [14] and
vacuum Rabi splitting [15, 16, 17], which can be applied to eﬃcient single photon
sources [18, 19], low-threshold lasers [20, 21, 22], high-speed modulation lasers [23],
and so on. If a channel is created in the dielectric periodic structure, a lossless wa-
veguide is obtained [24, 25] where, for example, by the suitable design for slow-light
propagation, the creation of an ultracompact optical switch can be obtained [26].
Combining PC microcavities (PCMs) and PC waveguides (PCWs), multifunctional
devices can be also obtained [27, 28, 29]. Instead, a PC device fabricated on silicon
has allowed for the dynamic tuning of the Q of a PCM [30], that may help to stop the
light in dielectric structures or obtaining large frequency shifts in linear media [4].
In addition, monolithic coupling of a PCM laser to a passive waveguide has been
demonstrated [31] as well as the coupling of a PCM single photon source to another
PCM through a PCW [32].
One important characteristic of the photonic band (PB) structure is the existence of
aA discussion about the use of the “Photonic crystal” term can be found at Ref. [9].
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points where the group velocity (v푔 = (푑휔/푑k)푘0) is zero, which yields the formation
of a standing wave that produces a resonant mode [33]. Depending of the band-edge
point properties diﬀerent lasing capabilities can be obtained: in-plane lasing [34],
vertical lasing emission [35, 36] or the tailoring of the far-ﬁeld emission pattern [37].
Moreover, the use of these features has allowed the obtention of high eﬃciency of
extraction in blue-light emitting diodes [38].
A way to improve the capabilities of two-dimensional (2D) PCs is to combine them
with a bottom Bragg reﬂector. This oﬀers the possibility of improving the lasing
characteristics of band-edge lasers [39], control the coupling from the free space
modes to the guided modes [40], improve the vertical emission directionality of
PCMs [41], and fabricate ultra-compact VCSELs [42, 43].
Due to the compatibility with the current semiconductor technology, the research
has been mainly focussed in 2D-PC slabs where the PCs present the in-plane PBG
and the conﬁnement in the vertical direction is achieved by index guiding. With the
improvements in fabrication technology, it is expected an important increase in the
number of results in 3D-PCs, where for example the spontaneous suppression rate
can be improved from 10 to 100 times [44], and the light can propagate without loss
by optical scattering [2, 13]. In addition, the combination of 2D-PCs waveguides
sandwiched in 3D “self-assembled” silicon PCs may allow for the fabrication of large
area PCs and entirely on silicon [45].
1.2 Photonic band structure
Maxwell equations and eigenvalues equationsb
The behavior of the electromagnetic waves in matter is given by the Maxwell equa-
tions. In a linear, homogeneous and isotropous medium without light sources (non
free charges and currents), not magnetic (휇 = 1), where 휖 is real (lossless) and in-
dependent of the frequency, under the assumption of time harmonic dependence,c
bThe section 1.2: Photonic band structure is based in the book of J.D. Joannopoulos et al. [46]
cAlthough theses simpliﬁcations could seem very restrictive are applied to a large number of
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H(r, 푡) = H(r)푒−푖휔푡, the macroscopic Maxwell equations in the magnetic ﬁeld for-
mulationd take the form:
∇ ⋅H(r) = 0, (1.1)
and the rotational equations summarize in
∇×
(
1
휖(r)
∇×H(r)
)
=
(휔
푐
)2
H(r), (1.2)
that constitutes the master equation. Solving this equation, taking into account
Ec. 1.1 (transversality requirement) [46], provides 퐻(r) . The electric ﬁelds can be
obtained directly by the relation:
E(r) = 푖
푐
휔
1
휖(r)
∇×H(r). (1.3)
The master equation 1.2, using the deﬁnition of the operator Θˆ:
Θˆ = ∇×
(
1
휖(r)
∇×
)
, (1.4)
can be transformed into an eigenvalues equation:
ΘˆH(r) =
(휔
푐
)2
H(r) (1.5)
Θˆ is a linear and Hermitian operator. This allows us to use some concepts extracted
from quantum mechanics and solid state physics. The eigenvalues of a Hermitian
operator are real and its eigenvectors are orthogonal (if the eigenvalue are not de-
generate).
Discrete translational symmetry
The discrete translational symmetry of the dielectric function 휖(r) = 휖(r+R), where
R belongs to the Bravais lattice of the PC [47], gives rise to the Bloch theorem and,
electromagnetic problems.
dAn analogous formulation can be done in terms of the electric ﬁeld (E(r)).
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hence, the solutions of the master equation are of the form:
Hk(r) = 푒
푖k⋅ruk(r) (1.6)
where the eigenvectors are labeled with k, that belongs to Brillouin zone [47], and
the uk(r) functions have the periodicity of the Bravais lattice uk(r) = uk(r+R). A
direct consequence of the Bloch theorem is that k is preserved in a periodic system.
For each value of k it is expected to be found an inﬁnite set of solutions (modes)
with discretely spaced frequencies, that can be labeled by the band index n. Since k
is a continuous parameter, the frequency of each band n is expected to change in a
continuous way too. In this way the solutions of the master equation are described
by a set of continuous functions 휔푛(k); that are the so-called photonic band structure.
Added to the translational symmetry, the dielectric constant can have another sym-
metries, like rotational symmetry, mirror symmetry, etc. These symmetries consti-
tute the point group of the PC. Since the functions 휔푛(k) have the same symmetries
is not necessary to consider all the k vectors of the Brillouin zone, only those that do
not show a symmetry relationship. These vectors constitute the irreducible Brillouin
zone.
Solving the master equation, with k lying in the irreducible Brillouin zone, the
Bloch modes Hk,푛 and the photonic bands 휔푛(k) are obtained. If the PC presents
the suitable features, like large enough index contrast and periodicity, a region where
the density of states is null and where the photons can not propagate appears in the
PB structure. This range of 휔푛(k) is called the photonic band gap. Fig. 1.1 a) shows
the PB structure of 2D PC conformed by a triangular lattice of holes in dielectric
material. Partial PBGs (non-complete gaps) are observed for each polarization and
a complete (full gap) PBG where the PBGs for both polarizations overlap. In the
case of 3D-PCs a frequency region where the light propagation is inhibited in all
space directions can be also obtained [48, 49].
Mirror symmetry
An important class of a symmetry operation, which is the especial utility, is the
mirror symmetry. This let us, under certain conditions, to split the master equation,
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Figure 1.1: a) Two-dimensional photonic band structure of the triangular lattice of
air holes in a dielectric matrix. The parameters of the structure are: the hole radius
푟 = 0.45푎, the lattice parameter 푎, and the dielectric constant, 휖 = 10.1. Blue color:
even modes 휎푥푦 = +1 (TE-like). Red color: odd modes 휎푥푦 = −1 (TM-like). b) PC
structure layout. c) Brillouin zone of the PC.
into two equations, one for each polarization. This provides direct information
about the symmetry of the mode and it can help in the numerical resolution of
the eigenvalues equation. Let us consider the mirror symmetry M. An example of
mirror symmetry is the reﬂection in the plane YZ (푥, 푦, 푧) −→ (−푥, 푦, 푧) . The mirror
symmetry operator can be deﬁned as 휎ˆMf(r) = Mf(Mr). The possible eigenvalues
of the mirror operator 휎ˆM are ±1. If we apply the operator twice we recover the
initial system. It can be demonstrated that if the 휎ˆM operator commutes with the
operator Θˆ, 푀r = r, and 푀k = k, then the solutions of the master equation can
be classiﬁed either as even or odd (separation of modes) [46].
To illustrate the utility of this symmetry operation let us consider an “ideal” 2D PC.
This structure has in-plane periodicity (XY plane) and it is inﬁnity in the vertical
direction (z). Then, our system is invariant over a mirror operation (M) in the XY
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plane (푥, 푦, 푧)→ (푥, 푦,−푧)e, where the in-plane propagation is considered (Mk=k).
If we apply the mirror symmetry 휎ˆxy, over the 퐻 and 퐸 ﬁelds, taking into account
that the magnetic ﬁeld is a pseudo vector and the electric ﬁeld is a vector [50], we
obtain: 휎ˆxy퐻 = (−퐻푥,−퐻푦,퐻푧) and 휎ˆxy퐸 = (퐸푥, 퐸푦,−퐸푧). Then, any PC mode
can be classiﬁed either as even (퐸푥, 퐸푦,퐻푧) or odd (퐻푥,퐻푦, 퐸푧). The former are
usually called TE-modes, whereas the latter are called TM-modes. It is important to
remark that this analysis also holds for symmetric 2D PC slabs taking as symmetry
plane the one that crosses the center of the slab in the Z direction.
Time-reversal symmetry and scaling properties of the Maxwell equations
Two important properties are derived from the time-reversal symmetry and the
scalability of Maxwell equations. The ﬁrst one is a symmetry property of the band
structure: 휔푛(k) = 휔푛(−k), which means that the PB structure has inversion of
symmetry even if the PC does not. The second property, based on the fact that
there is not a fundamental length in the Maxwell equations, means that if the prob-
lem (master equation) is solved for one longitudinal scale, then it is solved for all.
Rescaling our system, represented mathematically by a variable change, r′ = 푠r, the
“new” dielectric function is 휖′(r′) = 휖(r) and the new solutions of the master equa-
tion are: H′(r′) = H(r′/푠) and 휔′ = 휔/푠, where H(r), and 휔, are the solutions of
the problem before being scaled. For example if we increase the size of the physical
system by a factor of 2 the new frequency will be 휔/2. This invariance let us to
express band structures in dimensionless units: 휔푎/2휋푐 versus k푎.
1.3 Two-dimensional photonic crystal slabs
A 2D-PC slabf consists on a 2D waveguide which is periodically patterned. In
that case, the optical in-plane conﬁnement is due to the 2D-PC pattern and in the
third direction is given by index guiding (total internal reﬂection). If the upper
eThe symmetry operation is independent of the origin chosen since the system is inﬁnite in the
vertical direction.
fIt is important to note that the properties of the 2D-PC slabs are diﬀerent of the “ideal” 2D-PCs
due to the behavior induced by the waveguide (ﬁnite size in the vertical direction).
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cladding and lower cladding of the waveguide have the same dielectric constant the
structure is symmetric with respect to a plane (XY) across the center of the slab.
This let us to classify the modes either as even (TE) or odd (TM) as indicated in
the previous section. If the cladding dielectric constants are diﬀerent, the modes
cannot be separated. However, it has been experimentally demonstrated that, in
weakly asymmetric slabs, the PB structure can be approximated by the one of the
PC slabs embedded in a material with the average dielectric constant of the upper
cladding and lower cladding [51, 52]. Fig 1.2 shows two examples of 2D PB structure
calculated by the guided-mode expansion (gme) [53]. An important feature of this
kind of structures is the light line (upper green lines in the plots of Fig. 1.2) of the
cladding material. This line is the limit between the Bloch modes: the ones that lie
below the light line are conﬁned by index guiding (non radiative, with no intrinsic
losses); and the ones lying above the line are leaky modes (with intrinsic losses by
diﬀraction out of the plane).
1.3.1 Photonic band-edges
As it was mentioned before there exist a collection of points in the band structure
which are specially useful. These are the band-edge points where the group velocity
is zero giving place to a standing wave (the density of states is strongly increased
∼ 푣푔−1). The arrows in the Fig. 1.2 indicate two of these points.
In Fig. 1.2 a) the band-edge point indicated lies below the light line and the mode
is truly conﬁned. Nevertheless, it is important to note that in fabricated structures
the lateral size of the PC is ﬁnite giving place to in-plane losses and decreasing the
Q of the Bloch mode. This point (퐾1) was used by C. Monat et al. [34] to obtain
laser emission at 1.55 휇m. Laser emission using other band-edge points below the
light line in the triangular and square lattices has been demonstrated [35, 54].
At the Γ point the Bloch modes always lie above the light line (Fig. 1.2 b)). Due to
both the symmetry of the lattice and the Bloch modes at the Γ point, the mode can
be coupled or uncoupled to the radiative modes [55, 56]. By a suitable choice of the
Bloch mode at the Γ point, conﬁnement in the vertical direction is obtained, despite
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Figure 1.2: Photonic band structure of a 2D photonic crystal slab of InP (휖 = 10.1)
on air for the triangular lattice a) and the graphite lattice b). The parameter of the
structures are: a) hole radius r/a=0.35 and slab thickness d/a=0.45. b) hole radius
r/a=0.15 slab thickness d/a=0.32. Only even modes (휎푥푦 = +1) are plotted. Green
lines are the light lines of the cladding and average core materials.
the point lies above the light line. In ﬁnite size structures (realistic structures)
there are two mechanisms for optical losses: the ﬁrst one is the in-plane losses in an
analogous way to what happens in ﬁnite size structures based on band-edge points
below the light line. The second is due to that the mode contains components
푘∣∣ ∕= 0 and optical losses in the vertical direction can appear, as the mode is strictly
conﬁned only for 푘∣∣ = 0. Another important feature of these Γ-point structures is
that their emission is almost vertical as 푘∣∣ ≃ 0. This kind of conﬁnement has been
used to obtain laser emission in PC slabs with diﬀerent lattice geometry [35, 36, 57];
this kind of devices are sometimes named photonic-crystal surface-emitting lasers
(PC-SELs).
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The Γ-point PC structures have been used to obtain laser emission on structures with
low-index contrast in the vertical direction [33, 58] and with electrical pumping. It is
remarkable that single mode emission is obtained despite the large area of the device;
by suitable design of the PC structure the far ﬁeld patterns can be tailored [37]. In
addition, photonic devices based in this especial point of the PB structure have
demonstrated laser emission on GaN based at blue-violet wavelengths [59], hight
light extraction eﬃciency (73%) on GaN based LEDs [38] and the enhancement of
the eﬃciency in solar cells [60].
1.3.2 Photonic crystal microcavities
If a defect is created in the periodic PC structure a set of states appears inside
the PBG of the PC, which are called “defect states” or if they are produced by
a “cavity”, “cavity modes”. Depending on the characteristic of such defect, the
number of cavity modes is diﬀerent. In an ideal 3D-PC, where the propagation is
inhibited in all the space the directions, the light is perfectly conﬁned. In a 3D PCM
with ﬁnite size the “quality” of the conﬁnement will depend on the number of PC
layers surrounding the defect [61]. In our 2D-PCs slabs case, the microcavity modes
have intrinsic losses due to the incomplete band gap of the 2D-PC structures.g For
the characterization of a microcavity mode two main parameters are commonly used:
the quality factor (Q) and the modal volume (V).
The Q, a dimensionless parameter, accounts for temporal conﬁnement of the cavity.
It can be considered as the number of optical cycles before the cavity energy decays
by a factor 푒−2휋 ≈ 2× 10−3. It is important to note that the value of Q corresponds
with 휈/Δ휈, being 휈 the mode frequency and Δ휈 the width at half maximum. In
2D-PC slabs Q commonly decomposes in two components, one called the vertical
quality factor (푄푣) and the other the in-plane quality factor (푄∣∣). The ﬁrst one
depends intrinsically on the cavity mode (its value changes slightly with the number
or surrounding layers) whereas the second one strongly depends on the number of
in-plane PC layers, and its value increases exponentially with it (an example of this
gThe defect created breaks the translational symmetry of the PC, then k is not conserved and
the photonic mode can couple with the radiative modes above the light line with the same frequency.
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can be found in Ref. [62]). The relationship between Q and its components is given
by:
1
푄
=
1
푄푣
+
1
푄∣∣
(1.7)
The variable V is a measurement of the spacial conﬁnement of the microcavity mode
and, as it happens with Q, is an important parameter that appears in QED problems.
The modal volume [63] is deﬁned as:
푉 =
∫∫∫
휖(r) ∣ E(r) ∣2
푚푎푥 (휖(r) ∣ E(r) ∣2)푑
3r (1.8)
The value of V is expressed typically in units of (휆/푛)3. One of the main properties
of the PC microcativies is that they conﬁne the light in volumes in the order of
V∼ (휆/푛)3, considered by some authors as close to the minimum limit for an optical
cavity [64]. This allows for the possibility of obtaining high ratios of 푄/푉 with
moderate values of 푄 that can be used to improve the properties of single photon
sources [18] and to get high rate modulation lasers [23].
Another parameter related to the cavity mode is the eﬀective index of the mode
(푛푒푓푓 ). This gives a value of how big is the overlap between the cavity mode and
the dielectric material. A low value of 푛푒푓푓 indicates a large overlap between the
mode and the air region. The eﬀective index is deﬁned as:
푛2푒푓푓 =
∫∫∫
휖(r) ∣ E(r) ∣2 푑3r∫∫∫ ∣ E(r) ∣2 푑3r (1.9)
In 2D-PC slabs a large eﬀort has been done to optimize the Q of the PCMs. One
of the most commonly used methods consists of driving out of the light line the
Fourier components of the mode [65, 12]. In this way, several structures have been
designed and fabricated. Silicon based PCM with an intrinsic 푄 ∼ 1.5 × 107 with
푉 ≃ (휆/푛)3 have been designed and fabricated in non active medium with a Q
measured of 푄푚 = 2.5 × 106 [66]. Furthermore, GaAs-based PCs, cavities with
푄 ∼ 3 × 106 have been designed and fabricated (in non active medium) with a
measured 푄푚 = 7× 105 [67]. On InP based materials, cavities based on slow Bloch
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Figure 1.3: Dispersion relationship of a W1 photonic crystal waveguide on InP
material. The parameters of the simulation are: hole radius r/a=0.27 and slab
thickness d/a=0.539. Blue color: even modes (휎푦푧 = +1). Red color: odd modes
(휎푦푧 = −1). Only even modes 휎푥푦=+1 (TE-like) are plotted. Black line is the light
line of the cladding core material.
modes below the light line have been designed with푄 = 5×107 and 푉 ≃ 4(휆/푛)3 [68].
It is important to note that the measured 푄 in structures with active material
strongly decreases with respect to the ones without active medium. For example, on
a PC containing InAs/GaAs quantum dots, 푄 = 5×106 whereas the measured value
is 푄푚 = 1.9×104. The highest Q measured on InP material are 푄 ∼ 5×104 [69, 70],
both in samples with active material, using PCMs with designed Q≥ 7×104. There
are few cases designed to obtain very low values of V, amongst them a remarkable
case is the M0 PCM that has a 푄 ∼ 105, with a 푉 ∼ 0.15(휆/푛)3 [71, 64].
1.3.3 Photonic crystal waveguides
If a linear defect is created in the PC structure, the light can propagate along the
defect giving place to a channel for the light. In that case the symmetry holds along
the PC and k is preserved along that direction. This provides to modes that are
truly conﬁned despite the non complete PBG of the 2D-PC slab. Fig. 1.3 shows
the dispersion relationship of a 2D-PC waveguide created by ﬁlling up the holes of
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a triangular lattice along the Γ퐾 direction of the PCs. Although the modes below
the light line are truly conﬁned, in real structures the fabrication imperfections
causes optical losses [72, 73]. In theory, only the channels created in 3D-PCs present
lossless propagation [13]. Useful devices can be obtained using PCWs. For example,
waveguides with very low group velocity of propagation can be obtained [74]. In
an analogous way, for band-edge PC structures, laser emission can be obtained in
points below [75] and above de light line [76]. Recently, an eﬃcient source of single
photons using on InAs/GaAs QDs coupled to a W1-PCW has been created [77].
1.3.4 Photonic crystals combined with a Bragg reﬂector
One of the drawbacks of 2D PCs slabs is the coupling of the guide modes to the ra-
diative modes. A way to overcome this is combining the 2D-PC slabs with a bottom
Bragg reﬂector. These new structures are named “2.5-D” photonic structures [78],
and they oﬀer the possibility of tailoring the coupling between the guide modes and
the radiative modes. Using this approach, a compact VCSEL, where the top mirror
of the VCSEL is replaced by a PC membrane, has been fabricated [79]. This device
can be also used for in-plane emission [40]. Moreover, an ultracompact device where
both Bragg reﬂectors are replaced by PC membranes has been proposed [43].
The improvement of the lasing properties of the Γ-point laser by a reduction of the
threshold through an increment of the Q using a bottom Bragg reﬂector has been
demonstrated [39]. In that case, there is a modiﬁcation of the radiation pattern and,
on the other hand, the coupling of resonant modes with radiative modes is notably
reduced (increment of the Q). It must be noted that an important parameter is
the spacing (푑) between the PC membrane and the bottom Bragg reﬂector which
must be kept 푑 ≥ 휆/2 [39]. Depending on 푑, the value of Q oscillates between the
minimum for 푑 = 푝휆/2 and a maximum for 푑 = (2푝+1)휆/2, where 푝 is an integer and
휆 is the wavelength of the resonant mode. Using a slow Bloch mode at the Γ-point
with a bottom Bragg reﬂector, laser emission has been obtained in 2D-PC slabs with
diﬀerent PC symmetry. Using the graphite lattice laser emission with a single layer
of InAs/InP quantum dots has been shown [80]. In addition, laser emission has been
obtained in a 2D-PC lattice of dielectric rods in air using quantum wells as active
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medium [81].
1.4 Light-matter interaction on microcavities
A way to introduce the light-matter interaction in microcavities is to consider the
simplest case. It consists of a single two-level atom coupled to a single mode ﬁeld.
In solid state physics the role of the two-level atom can be played by an excitonic
transition in a QD and the single mode ﬁeld which can be a high Q mode of a PCM.
In the dipole approximation, and rotating wave approximation, i.e., very fast and
strong pulses are not considered, the problem is described by the Jaynes Cummings
hamiltonian [82, 83]. The Hamiltonian of the system can be expressed as: 퐻ˆ =
퐻ˆ퐹 + 퐻ˆ퐼 . The ﬁrst term is the free Hamiltonian (non interaction between the atom
and the cavity mode) and the second term represents the interaction atom-ﬁeld. In
the resonant case, when the frequency associated with the transition is the same
than the resonant ﬁeld, the eigenstates of the Hamiltonian can be expressed as a
linear combination of the eigenstates of the Hamiltonian without the interaction term
(퐻ˆ퐹 ). The eigenstates of the interaction-free Hamiltonian are: ∣푛, 푒⟩, ∣푛+1, 푏⟩, where
∣ 푛, 푖⟩ = ∣푛⟩⊗ ∣푖⟩, with ∣ 푛⟩ represents the ﬁeld state (the number of photons, Fock
state) and ∣푖⟩ the state of the atom, ∣푒⟩ for the excited state, ∣푏⟩ for the ground state.
For each value of 푛 there are two degenerated states (∣푛, 푒⟩, ∣푛 + 1, 푏⟩) sometimes
referred as bare states. Solving the Hamiltonian in each subspace “deﬁned” by 푛,
the eigenstates corresponding to 퐻ˆ퐼 are:
∣ 푛,±⟩ = 1√
2
(∣ 푛, 푒⟩± ∣ 푛+ 1, 푏⟩) , (1.10)
sometimes called dressed states,where the eigenvalues are ±푖Ω푛, with Ω푛 = 푔
√
푛+ 1.
푔 is the coupling constant between the radiation ﬁeld and the atom [82]. For 푛 = 0,
the energy separation between the eigenvalues is 2푔, known as the vacuum Rabi
splitting and Ω푛 is the Rabi frequency. If the atom is initially in the excited state
and the mode has exactly 푛 photons, the probability to ﬁnd the atom in the excited
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state is given by [82]:
푝푒 =∣ ⟨푛, 푒 ∣ Ψ푛(푡)⟩ ∣2= 1
2
(1 + cos 2Ω푛푡) (1.11)
This can be interpreted as the continuous oscillation between the electronic system
(the atom) and the electromagnetic mode (cavity mode). In this way, considering
the simplest case, we observe the strong change that can happen in the emission
properties of an atom (emitter) coupled to a ﬁeld (cavity mode). This points out
that the emission spectrum of the emitter as well as the radiative lifetimes can be
extraordinary modiﬁed by the cavity mode.
Weak coupling regime and Strong coupling regime
When we have a true system (for example, the previously mentioned: a quantum
dot and a PCM) the phenomena of decoherence can appear. On one hand the
photons can leak out the cavity and on the other hand the emitter can suﬀer other
de-excitation than the emission of the photon in the cavity mode. Let us characterize
those phenomena by the spectral width of the cavity mode 훾푐 and the emitter 훾푒.
The light matter coupling constant 푔, in the ideal case of perfect coupling between
the cavity mode and the emitter (i.e, the emitter is placed in the maximum of the
cavity electric ﬁeld and the dipole orientation is parallel to the electric ﬁeld) is given
by [84]:
푔 =
휇
ℏ
√
ℏ휔
2휖0휖푉
(1.12)
where 휇 is the module of the dipole momenta of the electronic transition, 휔 is the
photon frequency, 휖 is the dielectric constant and 푉 is the mode volume (deﬁned by
Ec. 1.8). The relation amount 푔, 훾푐 and 훾푒, allows us to classify the diﬀerent regimes
of our system [84].
The weak coupling regime is deﬁned by:
훾푐 > 푔 > 훾푒 (1.13)
16 Chapter 1. Introduction
The strong coupling regime is deﬁned by:
푔 > 훾푐/4, 훾푒/4 (1.14)
Weak coupling regime and Purcell eﬀect
When an emitter is placed inside a microcavity, its spontaneous emission rate is
strongly modiﬁed and can be either enhanced or inhibited. In the weak coupling
regime deﬁned by Ec. 1.13 the spontaneous emission rate can be calculated by the
Fermi golden rule considering a lorentzian density of states. The spontaneous emis-
sion rate relative to the spontaneous emission rate in the material without cavity is
given by [18]:
Γ0
Γ푐
= 퐹푃
∣∣∣∣E(r푒) ⋅ 휇퐸푚푎푥휇
∣∣∣∣2 1
1 + 4푄2
(
휔푐
휔푒
− 1
)2 (1.15)
where the ﬁrst term
퐹푝 =
3
4휋2
푄
푉
(
휆
푛
)3
(1.16)
depends only of the cavity mode properties. The second term represents the spacial
overlap between the emitter and the cavity ﬁeld, and the third factor represents the
spectral overlap between the emitter and the cavity mode (휔푒 and 휔푐 are, respec-
tively, the angular frequency of the emitter and the cavity mode). In the case of the
perfect spatial and spectral overlap the relationship is reduced to 퐹푝, the well known
Purcell factor, proposed by E. M. Purcell in 1946 [85]. The ﬁgure of merit of this
process is ∝ 푄/푉 . Sometimes a fourth term (Γ푃퐶) is added to the Ec. 1.15 to take
into account the eﬀect of the PBG where the spontaneous emission is strongly inhib-
ited [18]. In the case that the spectral width of the emitter is larger than the ones
of the cavity mode (assuming the emitter and the cavity mode are in resonance),
in Ec. 1.16, 1/푄 has to be replaced by 1/푄 + 1/푄푒 [86, 87], being 푄푒 the quality
factor of the emitter. If the emitter has a broadband emission, a small Purcell eﬀect
is expected.
Summarizing, if we have an emitter with a radiative time, for example an In(Ga)As
QD, embedded in GaAs material, when the emitter is placed in a PCM, its radiative
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lifetime will be decreased if its excitonic transition is in resonance with the cavity
mode. On the other hand, if the transition is strongly detuned from the cavity mode,
its radiative lifetime will be increased with respect to the same embedded QD in
GaAs (without cavity).
Strong coupling regime and Vacuum Rabi splinting
If the relationship conditions 1.14 are fulﬁlled, the system can show a strong coupling
regime and the emitter and the cavity mode exchange energy in a reversible and
coherent way. The system can oscillate some cycles before the photon leaves the
cavity. In that case of the strong coupling, for low power excitation (푛 < 1), the
spectrum of the system is given by [84, 16]:
Ω± + 푖Γ±/2 =
휔푐 + 휔푒
2
− 푖훾푐 + 훾푒
4
±
√
푔2 − 1
4
(
훾푒 − 훾푐
2
)2
(1.17)
where for 푔 > ∣훾푒−훾푥4 ∣ the spectrum consists of two lines at frequencies Ω± with
average linewidths Γ±. The splitting between both lines is 2
√
푔2 − 14
(
훾푒−훾푐
2
)2
. The
experimental way to measure that the system exhibits strong-coupling is to ﬁnd an
anticrossing between the cavity mode and the emitter transition [88]. Nevertheless,
the pumping conditions play an important role in the observation of the strong
coupling in solid state systems [89]. Finally, it is important to note that the ﬁgure
of merit is ∝ 푄/√푉 .
In agreement with the previously mentioned conditions regarding the weak coupling
and the strong coupling regimes, the engineering of the Q and V of PCMs, and the
spectral and spatial overlapping of the emitter and the cavity ﬁeld of the PCM is a
mandatory task.
1.5 Semiconductor quantum nanostructures
In a semiconductor system, when its characteristic lengths are comparable with the
Fermi wavelength of the carriers (휆퐹 ) in the material, the quantum conﬁnement
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arrives. In these nanostructures, the carriers are conﬁned spatially, which favors
the overlapping between the wavefunction of the electron and hole that increases
the excitonic character of the system. In addition, the density of states is strongly
modiﬁed with respect to the bulk material [90]. The typical way to obtain this
conﬁnement eﬀect in semiconductor materials (in a simple case) is to sandwich a
layer of semiconductor (1D-conﬁnement) with a semiconductor material of larger
electronic band gap. Thus, if the thickness of the layer ≲ 휆퐹 , a conﬁnement like a
potential well in quantum mechanics is obtained [91] and, hence, the so-called QWs.
One of the bests ways to fabricate this kind of structures is by molecular beam
epitaxy (MBE)where the thickness of the layer can be controlled with sub-atomic
layer accuracy [92].
The next step in the enhancement of the spatial conﬁnement of the carrier are the
QWrs. One dimensional nanostructure provides carriers conﬁned in two space spatial
dimensions (2D-conﬁnement). These semiconductor nanostructures can be obtained
by MBE on self-assembled [93] or isolated [94] forms. One particular characteristic
of the QWrs is that their emission is polarized along the wire [95].
The last step is the three dimensional (3D) conﬁnement of the carriers. In this case
the material of lower band gap is surrounded in the three dimensions by the higher
band gap material. In that case, we obtain the so-called QDs. These nanostruc-
tures present discrete energy levels [96] with a density of states given by a Dirac
delta function. Due to their discrete energy levels, sometimes they are referred as
“artiﬁcial atoms”.
The three kinds of semiconductor nanostructures most commonly used in semicon-
ductor optoelectronic devices are: quantum wells (QWs), quantum dots (QDs) and
quantum wires (QWrs). These nanostructures have provided a way to improve the
characteristic of optoelectronic devices, and specially, diode lasers [97, 90]. On the
other hand, they made possible the obtention of more exotic phenomena like Bose-
Einstein condensation of exciton-polaritons [98, 99, 100]. In our case, the quantum
nanostructures used in this Thesis are InAsP/InP QWs, InAs/InP QWrs embedded
on InP material, an In(Ga)As QDs (with ring shape) in GaAs. The nanostructures
in InP yield photoluminescence (PL) emission at 1.55 휇m. The nanostructures in
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GaAs give PL around 980 nm. These structures are the active material that provides
enough gain as to obtain laser emission. It is important to note that the surface
recombination of InP based devices is one or two orders of magnitude smaller than
in GaAs based devices, which degrades the internal quantum eﬃciency on GaAs
microcavity lasers [86].
1.6 Goal and overview of the Thesis
The goals of this Thesis can be summarized as follows:
1. To design, fabricate and characterize new photonic structures with improved
performance for the conﬁnement of light.
2. To apply such structures in new photonic devices such low threshold lasers,
vertical emission lasers, and enhance their emission intensity.
3. To explore the new properties of active emitters embedded in highly conﬁned
photonic structures for quantum light emitters.
The overview of the Thesis is, by chapters:
Chap. 2 describes the development of the fabrication process of InP-based PC. After
a careful design, a state-of-the-art fabrication process for PCs was obtained.
Chap. 3 describes the improvement in the optical properties of conﬁnement of a
PC structure with a Bragg reﬂector underneath. For this purpose, the Suzuki-
phase PC structure was fabricated with and without a Bragg reﬂector, and their
optical properties were characterized. A remarkable improvement in the intensity of
emission was achieved.
Chap. 4 describes the obtention of laser emission using the triangular-graphite PC
lattice to provide high Q values and vertical emission in wide area PC structures.
Chap 5 describes lasing action in the continuous and pulsed regimes of QWrs coupled
to the fundamental mode of L7 PCM. High Q and low threshold lasing has been
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obtained for both regimes.
Chap. 6 describes the fabrication process of PC structures on GaAs material as well
as the optical characterization of such structures, where single photon emission has
been measured.
Chapter 2
Fabrication of high quality
factor photonic crystal
microcavities in InP membranes
combining reactive ion beam
etching and reactive ion etching
The process of fabrication of high quality factor photonic crystal microcavities in slabs of
InP with light emission at 1.5 휇m is reported. It includes e-beam lithography, reactive ion
beam etching with a 퐶퐻퐹3/푁2 gas mixture and reactive ion etching with a 퐶퐻4/퐻2 and 푂2
cycling. An InGaAs sacriﬁcial layer is removed by chemical wet etching in order to obtain
the photonic crystal membrane. Microphotoluminescense measurements have been performed
to assess the quality of the fabricated structures. Quality factors up to ≃ 30000 and laser
emission with thresholds of excitation pump power around 34 휇푊 have been obtained in
samples with InAsP/InP quantum wells as active material.
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2.1 Introduction
Photonic crystal microcavities (PCMs) allow to conﬁne the light in volumes in the
order or less than a cubic wavelength [12, 71]. Their high quality factors (Qs)
and small modal volume have shown the potential of PCMs for creating small size
lasers [20], cavity quantum electrodynamics test beds [16], self-tuning lasers [22]
till the basic elements of the integrated photonic crystal circuits [30, 101]. A high
quality fabrication process, reliable, reproducible, and presenting high accuracy is
mandatory for achieving such devices, focusing on minimizing the diﬀraction losses.
In-plane shape inhomogeneities, variation of the size of the hole and variation in
the position of the holes are parameters that increase the optical losses. These
imperfections preserve the transversal symmetry of the slab. In addition, surface
roughness, angled sidewalls and sidewall roughness produce the coupling between
the even (TE-like) and the odd modes (TM-like) of the slab modes, and are also
important sources of optical losses [102, 103]a.
Here the fabrication of PCMs in InP semiconductor slabs containing quantum wells
(QWs) as active medium is described, which has been also used for the fabrication
of PCM with InAs/InP quantum wires (QWrs) [104] and can be generally used
for the fabrication of PCMs on InP material. We have used e-beam lithography
combined with reactive ion beam etching (RIBE) with a 퐶퐻퐹3/푁2 gas mixture
for transferring the e-beam resist pattern to a 푆푖푂푥 hard mask layer. Reactive
ion etching (RIE) with a 퐶퐻4/퐻2 gas mixture and 푂2 cycling is used to drill the
semiconductor material. Finally, the PC membrane is released by wet etching in a
퐻퐹 (1) : 퐻2푂2(1) : 퐻2푂(20) solution. Optical microphotoluminescense (휇-PL) has
been used to assess the quality of the PCMs. Qs up to 30000 have been measured
in samples with QWs as active material. The development of this process will allow
for the study of the emission and coupling properties of InAs quantum dots [105],
recently obtained in our laboratory, embedded in high 푄 PCMs operating around
1.55 휇m.
aNote that we are referring to “cool” cavity: a cavity without active material that provides the
absorption (and emission) of light.
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Figure 2.1: Scanning electron microscopy image of a L7 PCM.
2.2 Photonic crystal structure
A periodic lattice of holes with triangular symmetry has been selected as the PC
structure. This lattice presents a large photonic bandgap for the TE-like polarization
modes (even modes, 휎ˆ푥푦 = +1) [106]. We have fabricated the so-called L7 PCM [107,
108], which is created erasing seven holes along the Γ − 퐾 direction of the lattice
(Fig. 2.1 shows a scanning electron microscopy (SEM) image of the L7 PCM after
the fabrication process). This cavity belongs to the 퐿푛 type of PCMs, with optical
modes that can be classiﬁed either as even or odd with respect to the longitudinal
plane across the center of the cavity [62]. In our case the cavity parameters (lattice
constant, radius hole ratio, and slab thickness) of the L7 PCM are the following:
푎 = 440 nm, 푟/푎 = 0.28 and 푑 = 237 nm. This structure presents a low-energy
mode (e1) well isolated in energy from the higher order modes. This mode exhibits
a calculated quality factor Q푒1 ∼ 78000b at 휔 = 0.285(푎/휆), with polarization
perpendicular to the longitudinal direction of the cavity. The PCM simulation has
been carried out by a 3D fully-vectorial FDTD commercial software [109]. As the Q
bThe accuracy on this value is estimated around 5%.
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Figure 2.2: SEM image after resist development. Inhomogeneities in the edge are
due to the cleaving process of the structure.
increases the modes become more sensitive to the imperfections of fabrication [108].
The experimental determination of the value of the Q constitutes a good test for
the fabrication process of the PCMs [110].
2.3 Fabrication
2.3.1 Epitaxial material and mask creation
Epitaxial material and 푆푖푂푥 deposition
The starting material consists of a 237 nm thick InP layer containing as active layer
four InAsP/InP QWs grown by molecular beam epitaxy (MBE). A 1156 nm InGaAs
sacriﬁcial layer was grown on the top of an InP substrate.c The sample presents
a strong luminescence around 1500 nm. On top of the structure a 120 nm layer
of 푆푖푂푥 was deposited at 300
∘C by plasma enhanced chemical-vapor deposition
cThis epitaxial material was provided by Institut des Nanotechnologies de Lyon (INL), Lyon,
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(PECVD). This is the highest temperature of deposition of our system. The 푆푖푂푥
density increases as a function of the temperature. It is important to point out
that the 푆푖푂푥 room temperature deposited is slightly porous. In order to ensure
the reproducibility of the process, the PECVD machine must be kept at the target
deposition temperature around one hour before launching the deposition process due
to the long thermic remanence of the deposition plate of the PECVD system. This
provides the same substrate temperature among several depositions.
E-beam lithography
The patterning of the PC structure was done by e-beam lithography on a LEO 1455
SEM with a laser interferometric stage (LIS). The sample was spin-coated at 4900
rpms during 30 s setting the acceleration parameter at 5d with polymethylmethacry-
late anisole 4% (PMMA-A4) resist.e The resist was baked in a conventional oven at
170 ∘C for 70 mins. After baking the resist thickness was measured with an optical
thickness meter. The typical value measured is 200 nm and no smaller thicknesses
have been obtained in these conditions. Nevertheless, higher values up to 220 nm
have been measured. These variations in the resist thickness, that are probably re-
lated to the size of the sample, do not yield a change in the quality of the ﬁnal result.
The thickness of the resist is optimum in order to obtain the necessary resolution
for the shape of the holes using an acceleration voltage of 26 kV. On the other hand,
this thickness is enough to withstand the RIBE etching necessary for transferring the
pattern to the hard 푆푖푂푥 mask. The developing process was performed submerging
the sample for 45 s in solution isopropanol/methyl isobutyl ketone (1 : 3), and for
45 s in isopropanol. After this process the sample was post-baked in a hot plate for
1 min at 100 ∘C in order to increase the hardness and the holes homogeneity. The
reduction of imperfections produced in the e-beam lithography process by means of
the resist post-baking has been shown in ZEP520A resist [111] for silicon microdisks
fabrication.
In order to correct for the proximity eﬀect we used the proximity correction module
dThe spin coating machine at the IMM do not measure angular accelerations.
eResit characteristics: ℎ푡푡푝 : //푤푤푤.푚푖푐푟표푐ℎ푒푚.푐표푚/푝푟표푑푢푐푡푠/푝푑푓/푃푀푀퐴 퐷푎푡푎 푆ℎ푒푒푡.푝푑푓
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NanoPECS integrated in the Raith ELPHY Plus lithography system. The correc-
tion of the proximity eﬀect is a key point in the fabrication of PC structures. If
this correction is not applied a strong inhomogeneity in the radii of the holes is ob-
served that produces an important degradation of the optical properties of the struc-
ture [112, 113]. The proximity eﬀect is mainly due to the electrons backscattering,
forward scattering, secondary electrons and the ﬁnite size of the exposure beam [114].
The basic element for solving the proximity eﬀect is the point exposure distribution
(also referred as proximity function) that describes the dose cross distribution [114].
The proximity function has the same shape as electrons absorbed energy distribution
in the material with respect to the lateral distances [115]. Typically, the proximity
correction functions used are a double gaussian, a double gaussian plus an exponen-
tial or simply a gaussian plus an exponential term [114, 116, 117]. We have used
the double gaussian with an exponential term as proximity correction function. It
must be noted that the exponential term has been used with good results on dense
patterns with involved dimensions ∼ 0.1-0.25 휇푚 [114]. The proximity function used
is:
푓(푟) =
1
휋(1 + 휂 + 휈)
{ 1
훼2
푒푥푝(−푟2/훼2) + 휂
훽2
푒푥푝(−푟2/훽2) + 휈
2훾2
푒푥푝(−푟/훾)}. (2.1)
where 훼 represents the range of the forward scattering, 훽 represents the range of
the backward scattering, and 휂 is the backscattering coeﬃcient (the ratio between
the integrated proximity eﬀect function of the backscattered electron and that of
the forward scattered electrons). The third term is introduced in order to improve
the ﬁtting of the double gaussian term [114] and is an arbitrary term. Finally, 휈
and 훾 does not have physical interpretation. For the determination of the proximity
correction function parameters there are several methods described in [114], [116],
see references therein too. In our case, the determination of the optimal parameters
values has been done empirically. We have used several values from the literaturef
for III-V semiconductors (InP and GaAs) and the procedure that follows:
1.- The function parameters have been slightly modiﬁed.
fReferences cited in this section.
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2.- The pattern with the corrected doses, together with the previously selected
parameters have been determined using the NanoPECS module.
3.- The pattern was SEM exposed for several doses at a beam current of ∼ 37 pA
(our working current), from lower to higher doses.
4.- The dry etching process (to be described in the following sections) is carried
out.
5.- Finally, the best parameters for the proximity correction function are deter-
mined from the SEM picture after dry etching.g
The selected parameters were: 훼 = 0.025 휇m, 훽 = 1.96 휇m, 훾 = 0.76 휇m, 휂 = 0.47
and 휈 = 2.19. Our (훼, 휈) values are similar to those found in Ref. [114], whereas
(훽, 훾) are close to those reported in Ref. [118], and 휂 to the values showed in
Ref. [116]. Nevertheless, our parameters slightly diﬀer from the ones reported in
Ref. [117] for an InP material with PMMA resist. However, it must be noted that
their acceleration voltage is diﬀerent and their sample has not a 푆푖푂푥 layer. In
addition, the exposure current can be diﬀerent too. In order to compare the param-
eters selected with a “system” with the same characteristics as ours, we performed
Monte Carlo simulations within the NanoPECS module. A gaussian distribution for
the e-beam with a FWHM of 25 nm was selected. The obtained parameters were:
훼 = 0.025 휇m, 훽 = 1.67 휇m, 훾 = 0.55 휇m, 휂 = 0.53 and 휈 = 1.63. These pa-
rameters can be considered in general in agreement with the empirically determined
ones. Fig. 2.2 shows a SEM image of the PMMA-A4 after the e-beam exposure and
development where a ∼2 nm thick layer of gold was deposited on the sample for a
clearer SEM picture.h
RIBE etching of the 푆푖푂푥 mask
The e-beam resist pattern was transferred to the 푆푖푂푥 hard mask by dry etching
in an ECR-RIBE machine (Plasma Technics ECR-160). For more details about the
gThe proximity eﬀect is observed more clearly for structures under- and over- exposed than in
the structure close to the target parameters.
hIn the this chapter we refer to this deposition as “2 nm metal deposition”.
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Figure 2.3: SEM cross section image after the RIBE etching where the remanent of
resist was eliminated.
Figure 2.4: SEM cross section image after the RIE etching. The inset shows a detail.
system see Ref. [119]. The RIBE etching has, among other features, the advantage
of independently control of the physical and chemical components of the etching.
The chamber pressure was kept at a base pressure of ∼ 2 × 10−7 Torr. Flows of
5.6 SCCM (SCCM denotes cubic centimeter per minute at standard conditions for
temperature and pressure (STP)) of 퐶퐻퐹3 and 4 SCCM of 푁2 was injected, yielding
a chamber pressure of ∼ 3 × 10−4 Torr. The addition of 푁2 was used in order to
produce stable ECR discharges [119]. A beam voltage of 250 V and an accelerating
voltage of -450 V were selected for the etching process. The sample steel plate was
not refrigerated and was rotating during all the etch process. Fig. 2.3 shows a cross
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Figure 2.5: SEM cross section image after the RIE etching where the 푆푖푂푥 has been
removed.
section SEM image of the structure after the RIBE etching where a 2 nm metal
deposition was done on the sample to avoid the 푆푖푂푥 charging during the SEM
inspection. The remanent of the PMMA-A4 resist was eliminated submerging the
sample in hot acetone (푇 ≃ 50 ∘C) during 15 min and oxygen plasma at 200 W of
coil power, 100 V of DC bias, and 450 mTorr of pressure during 10 min. Smoothi
and straight sidewalls are obtained. The obtention of a hard mask with enough
thickness, smooth and with no angled sidewalls is critical in this process in order to
increase the Q. If the mask does not present such properties the imperfections can
be translated to the semiconductor material in the following etch process [120].
2.3.2 Hard mask transfer and membrane realization
RIE etching of the InP
In order to transfer the 푆푖푂푥 pattern to the InP semiconductor material RIE etching
was used on an Oxford ICP-RIE Plasmalab 80 machine. We selected 퐶퐻4/퐻2 as
the etching gases, which provides a non corrosive and low toxicity gas mixture.
This mixture has been widely used for etching InP material in RIE [121] due to its
good properties in terms of anisotropy, surface morphology, smooth sidewalls and
iAccording to the SEM pictures.
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Figure 2.6: Top: SEM cross section image after the membrane fabrication. Bottom:
Detail of one of the fabricated holes.
high quality of the InP surface [122]. The main disadvantage of this mixture is the
carbon-based polymer formation during the etching process. This aﬀects the etching
process in two ways: the ﬁrst one is the deposition of the polymer in the walls of
the chamber that plays an important role in the etching process and can aﬀect the
reproducibility [119]. The second way is the deposition of polymer on the surfaces of
the sample that can be critical in structures with high aspect ratio like PCs. To avoid
this, polymer removal was proposed by 푂2 cycling in 퐶퐻4/퐻2/퐴푟 gas mixtures [123]
and was carried out in PCs fabrication [124]. Our process consists on several steps of
one minute of 퐶퐻4/퐻2 etching and 15 s of 푂2 for removal of the polymer. Between
both etchings a 100 SCCM ﬂux of 푁2 (with the valve that regulates the pressure
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at the maximum of aperture) was injected during 1 min in the chamber in order to
remove (to sweep away) any possible gas remanent in the chamber from the previous
plasma etchings. The optimized parameters for the etching process are: 5 SCCM of
퐶퐻4 and 30 SCCM of 퐻2, pressure of 20 mTorr and power of 300 W, giving a self-
bias of 495 V. In order to make the plasma discharge it is necessary a strike pressure
of 80 mTorr. The system takes an average time of 12 s to reach this value (then the
plasma discharge) and it takes 14 s decreasing the pressure till the 20 mTorr. In
both cases the time dependence of the pressure is linear. The parameters of the 푂2
plasma are: ﬂux of 50 SCCM, pressure 20 mTorr and power 200 W, yielding a self-
bias of 460 V. Before the etching a preconditioning of 150 s is performed in the same
conditions as the methane etching step. This step is carried out in order to obtain
the same initial conditions and to ensure the reproducibility of the process. It is also
performed to mask the possible rest (remanent) of diﬀerent previous etchings carried
out in the RIE chamber. The complete etching process consists of eight 퐶퐻4/퐻2
steps and one more of 푂2 in order to remove the last polymer deposition. Fig. 2.4
shows a SEM cross section image of the structure after the RIE etching process,
where the remanent of 푆푖푂푥 can be observed on the top of the InP semiconductor
material. A 2 nm metal deposition was done as in the previous 푆푖푂푥 pictures. The
푆푖푂푥 etching rate is 푟푆푖푂푥 ≃ 3 nm/min, measured in the area out of the holes for
several samples by means of an optical thickness meter. The InP etching rate at
the holes is 푟퐼푛푃 (ℎ표푙푒푠) ≃ 47 nm/min.j In order to simplify the obtention of the InP
etching rate, these values have been obtained in samples without InGaAs sacriﬁcial
layer. The InGaAs etch rate is expected to be smaller than the InP etch rate [121].
Figure 2.5 shows an image of one of the samples used to determine the InP etch
ratio. We can deﬁne a selectivity 푆 = 푟푆푖푂푥/푟퐼푛푃 (ℎ표푙푒푠) = 1/15 as the ratio between
the etching rates. This value reveals this process as a promising procedure for deep
etching of InP materials for low index contrast photonic crystal circuits [125].
jThe etch rate is slightly underestimated, since the real etching time is 48 s instead 1 min.
Nevertheless, this does not aﬀect the selectivity value.
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Figure 2.7: Up: AFM image of one PCM fabricated. The lattice parameter is ∼ 400
nm. Dashed lines marks the area detailed in the bottom ﬁgure. Bottom: Detail of
the center structure. The RMS value is 0.22 nm.
Membrane release
The remanent 푆푖푂푥 after the RIE etching is removed in hydroﬂuoric acid water
diluted 퐻퐹 (1) : 퐻2푂(5) submerging the sample during 90 s. To eliminate the
InGaAs sacriﬁcial layer a퐻퐹 (1) : 퐻2푂2(1) : 퐻2푂(20) solution was used [126] during
5 min. The mixture was done according to the procedure that follows: ﬁrst the water,
second the 퐻2푂2, and ﬁnally the 퐻퐹 . It has been observed that slight variations
of the 퐻퐹 and 퐻2푂2 concentrations on the solution do no aﬀect signiﬁcantly the
etching speed. Figure 2.6 shows a cross section SEM image of the membrane after
wet etching: smooth and straight sidewalls are obtained. Figure 2.7 shows an atomic
force microscope (AFM) image of a PCM after the membrane is released.k A surface
roughness in the cavity area of 0.22 nm of RMS has been measured, showing that
our process does not change the sample surface morphology (this is the typical
value of the “epiready” substrates), which makes the optical losses due to this eﬀect
negligible [103].
kAFM picture courtesy of Dr. J. Mart´ın-Sa´nchez.
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Figure 2.8: Integrated PL spectra intensity as a function of the pump power (left).
The continuous line corresponds to the linear ﬁtting. Spectrum of the emission
measured just below the threshold (right). The blue dots represent the experimental
measurements. The continuous line corresponds to the Lorentzian function ﬁtting
(푄 = 30000).
2.4 Optical characterization
In order to validate our fabrication process the best procedure is to perform an
optical measurement of the Q of the fabricated structures. The characterization
was performed by 휇-PL spectroscopy at room temperature. The structures were
optically pumped with a 785 nm pulsed laser diode. The pulsed frequency was 1
MHz and the duty cycle 2.5 %. An objective lens (0.5 푁퐴) was used to focus the
excitation spot over the PCM. The emitted light was collected through the same
objective and focused into an optical ﬁber connected either to an optical spectrum
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analyzer or dispersed by a 0.85 m focal length double spectrometer with a cooled
InGaAs photodiode array as detector. It must be noted that the emission is very
sensitive to the excitation conditions. Fig 2.8 shows the integrated PL spectra
intensity as a function of the average incident pump power and one of the spectra
measured just below the threshold. The value of the Q measured is 30000, which
is obtained from the estimated transparency pump power using the procedure from
Ref. [127]. This value is in agreement with other values reported in the literature for
InP microcavities with active material [128]. The lasing threshold value was around
∼ 34 휇W, which can be further optimized by ﬁne tuning of the optical pumping
experimental setup.
2.5 Summary
We have fabricated high Q PCMs on InP containing InAsP/InP QWs as active
material. Electron-beam lithography combined with dry etching has been used for
the nanopatterning of the semiconductor material. A process combining RIBE with
a 퐶퐻퐹3/푁2 gas mixture for etching 푆푖푂푥 hard mask and RIE with 퐶퐻4/퐻2 and 푂2
cycling was used for etching the semiconductor material. An InP etch rate on holes
≃ 47 nm/min was obtained. L7-kind PCMs with Q of the fundamental mode up to
30000 have been obtained. These results open the possibility to study the emission
properties of InAs quantum wires and quantum dots in high Q PCMs.
Chapter 3
Eﬀect of the implementation of
a Bragg reﬂector in the
photonic band structure of the
Suzuki-phase photonic crystal
lattice
In this chapter it is investigated the change of the photonic band structure of the Suzuki-
phase photonic crystal lattice when the horizontal mirror symmetry is broken by an under-
lying Bragg reﬂector. The structure consists of an InP photonic crystal slab including four
InAsP quantum wells, a 푆푖푂2 bonding layer, and a bottom high index contrast 푆푖/푆푖푂2
Bragg mirror deposited on a Si wafer. Angle- and polarization-resolved photoluminescence
spectroscopy has been used for measuring the photonic band structure and for investigating
the coupling to a polarized plane wave in the far ﬁeld. A drastic change in the k-space
photonic dispersion between the structure with and without Bragg reﬂector is measured. An
important enhancement on the photoluminescence emission up to seven times has been ob-
tained for a nearly ﬂat photonic band, which is characteristic of the Suzuki-phase lattice.
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3.1 Motivation
Since the beginning of the research in photonic crystal (PC) structures at the In-
stituto de Microelectro´nica de Madrid (IMM) several kinds of structures have been
developed with the main intention of improving the optical conﬁnement properties
of the PCs. First, we studied the spontaneous emission in photonic crystal mi-
crocavities (PCM) and how the emission of the modes varies (wavelength emission
change) with the slab thickness [129]. In that case, a triangular lattice of holes was
patterned in the semiconductor material. Some holes were eliminated in order to
create hexagonal shape microcavities 퐻1, 퐻3 and 퐻5 [130]. The slab thickness
was decreased by means of reactive ion beam etching (RIBE) and the change of
emission of the modes was characterized by microphotoluminescence. Second, the
laser emission in ring-like resonators (created inside of a triangular lattice of holes)
was studied and how the number of electromagnetic modes inside the photonic band
gap can be reduced by means of H1 PCMs inserted inside the ring-like (a hexagonal
PC waveguide) structure. A strong-modal supression for one particular disposition
of the PCMs [131, 132] was obtained. The third kind of structure studied was
the Suzuki-phase (SP) lattice [51]. There, instead of studying intentionally created
defects in the structure (PCMs), and since the ﬁrst photonic band gap is mainly
above the light line [51] making the design of PCMs with high quality factor (Q) not
straightforward, we studied the photonic band structure by angle revolved photo-
luminescence (ARP). Photonic band structure showed several features [133], being
a ﬂat photonic band along the direction (Γ푋1) the main one. Such band yields a
strong lateral conﬁnement along the mentioned direction. The natural way to im-
prove the electromagnetic conﬁnement of this photonic band is to combine the 2D
PC slab with a bottom Bragg reﬂector.a This work had to be done in parallel with
the development of the fabrication process of PCMs in GaAs slabs [113].
aThe semiconductor material for this study was provided by Institut des Nanotechnologies de
Lyon, INL-Lyon, (France).
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3.2 Introduction
The combination of one-dimensional (1D) and two-dimensional (2D) PCs with a
Bragg reﬂector has been demonstrated to be a powerful tool for engineering the
light conﬁnement properties [40, 134], giving place to the so-called 2.5D micro-
nano-photonics [78]. Some devices combining a 2D-PC and a one-dimensional Bragg
reﬂector have been already fabricated [39, 80, 135, 136]. The combination of a Bragg
reﬂector with an active 2D-PC slab can enhance the Q of the resonant mode [39, 137].
In this way, we want to study the actual eﬀect of the Bragg mirror on the photonic
bands. For this purpose, we have fabricated the Suzuki-phase (SP) 2D-PC [51] in
samples with and without bottom Bragg reﬂectors. The Suzuki lattice belongs to
a set of 2D structures, like the graphite, triangular-graphite, and the Archimedean
lattices [138, 139, 140], which possess a basis consisting on several rods/holes per
unit cell. All these lattices seem to support several low-dispersive photonic bands,
similar to coupled cavity arrays [141]. The SP lattice presents four features that are
very useful for our study:
1. It has a complex photonic band structure in two dimensions, which allows to
probe several bands in the region of wavelengths of interest (around 1500 nm).
2. The SP pattern presents a ﬂat band along the direction Γ푋1, well isolated from
other bands and which shape remains almost unchanged when we calculate the
band structure in the “symmetric” and in the “non-symmetric” or full band
approach [51]. Fig. 3.1 shows the photonic bands of the SP lattice calculated
by guided-mode expansion (gme) [106]b in the “symmetric” and in the full
band approachc, where the “unchanged” photonic band is observed.
3. The photonic bands have a ﬁnite Q (lower than 600), which makes easier to
observe the Bragg eﬀect on it.
4. The three previous features take place above the light line [51] which makes
possible a study using angled-resolve photoluminescence (ARP).
bThe simulation has been done by Prof. L.C. Andreani from Universita` degli Studi di Pavia,
Italy.
cThe polarization criteria of the ﬁgure is explained in Sec.3.3.2
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Figure 3.1: Photonic band structure of the Suzuki-phase lattice. Blue color corre-
spond to the bands with 휎푘푧 = +1 polarization. Red color for bands with 휎푘푧 = −1
polarized. Doted lines show the bands calculated by gme in the “symmetric” ap-
proximation with the parameters 푑/푎 = 0.514, 푟/푎 = 0.33, and 휖 = 1.55/10.1/1.55.
Only 휎푥푦 = +1 or TE-like modes are shown. Continuous lines shows the full
band structure calculated by gme with the parameters 푑/푎 = 0.514, 푟/푎 = 0.33,
휖 = 1.0/10.1/2.1. Green color highlights the ﬂat band.
The fabricated structures were characterized by an extended ARP method that in-
cludes measurement of polarization, called polarization-resolved angle-resolved pho-
toluminescense (PR-ARP) in order to obtain the photonic band structure and its
polarization. A drastic diﬀerence in the photonic band structure was measured
between the samples with and without Bragg mirror. Moreover, a remarkable en-
hancement up to seven times of the intensity of the photoluminescense (PL) emission
has been measured for one particular photonic band.
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Figure 3.2: Layout of the transversal section of the fabricated structures. a)
InP/InAsP layer epitaxy bonded to a Si wafer through a 푆푖푂2 layer. b) InP/InAsP
layer epitaxy bonded to Bragg reﬂector on top of the Si wafer through a 푆푖푂2 layer.
c) Scanning electron microscopy (SEM) image of the fabricated structure with Bragg
mirror.
3.3 Fabrication and Optical characterization
3.3.1 Fabrication
The SP PC lattice was fabricated in two kinds of semiconductor slabs. The ﬁrst one
(Fig. 3.2 a)) consists of an InP slab incorporating four 퐼푛0.65퐴푠0.35푃/퐼푛푃 quantum
wells grown on an InP substrate by molecular beam epitaxy. The layer has a thick-
ness 푑 = 237 nm. The epitaxy is transferred onto a silicon-on-silica substrate by
wafer bonding (푆푖푂2 thickness =0.9±0.1 휇m) [142]. The second one (Fig. 3.2 b))
consists of an InP slab containing the same quantum well structure as before. The
thickness is 푑 = 250 nm. A three pair quarter-wavelength 푆푖/푆푖푂2 is deposited in
the top of a Si wafer by low pressure chemical vapor deposition. The thickness of the
Si and 푆푖푂2 휆/4 layers are 110 nm and 255 nm, respectively. A reﬂectance spectrum
of the Bragg mirror is shown in Ref. [39]. The epitaxial structure is transferred on
the top of the Bragg mirror by 푆푖푂2 wafer bonding. The thickness of the 푆푖푂2
bonding layer is 푑푆푖푂2 = 790 nm [39]. Both structures present a strong PL around
1.5 휇푚.
A 90 nm-thick 푆푖푂2 layer was deposited by plasma assisted sputtering on top of
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both samples as mask layer for the etching process. Electron-beam lithography and
reactive ion-etching were used for the patterning.d For the structure without Bragg
mirror the lattice parameter 푎 is 455 nm (푑/푎 = 0.514) whereas for the structure
with Bragg mirror 푎 = 484 nm (푑/푎 = 0.516). It is important to have the same 푑/푎
value for both samples because the photonic bands change with the thickness of the
slab [143, 106, 53], which may prevent easy comparison of the emission properties
between structures. Both structures preserve the same 푟/푎 ratio (r/a=0.33). The
size of the fabricated structures was 25 휇푚 × 25 휇푚 for the sample without Bragg
and 30 휇푚 × 30 휇푚 for the sample with Bragg.
Figure 3.3: a) Suzuki lattice with the axes in the XY plane. b) Schematic drawing
of the experimental geometry, for the speciﬁc case of Γ-푋1 orientation, with the
polarization directions of the electric ﬁeld with respect to the plane of observation.
Under specular reﬂection 휎ˆ푘푧 with respect to a vertical mirror plane including the
wavevector, transverse magnetic or p-modes are even (휎푘푧 = +1) while transverse
electric or s-modes are odd (휎푘푧 = −1).
3.3.2 Optical characterization
PR-ARP spectroscopy was used for optical characterization.e The samples were
optically pumped with a 635 nm laser diode through a 10× (NA=0.26) objective
dAt this time the InP RIE etching was not developed at IMM. The dry etching process was
performed at Institut des Nanotechnologies de Lyon, INL-Lyon, (France).
eThe measurements were performed by Dr. M. Galli and Dr. J. F. Galisteo-Lo´pez at Universita`
degli Studi di Pavia, Italy.
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Figure 3.4: Normalized PL spectra along the direction Γ-푋1, for the sample without
Braggs a,c) and for the sample with Braggs b,d) at angle 휃 = 25∘. Blue line for even
(휎푘푧 = +1) or p-polarization, red line for odd (휎푘푧 = −1) or s-polarization with
respect to a vertical mirror plane.
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placed at an angle of 45∘ with respect to normal incidence. The angle-resolved
PL emission was collected by a ﬁber coupled to a Fourier-transform spectrometer
(Bruker IFS66/s). An InGaAs p-i-n photodiode was used as detector. The PL at
room temperature can be collected with an angular resolution of ±1∘. The PL was
collected at diﬀerent angles from 0∘ to 30∘ at intervals of 5∘ along the directions
Γ − 푋1 and Γ − 푋2 with a linear polarizer in the collection arm. A diagram of
the experimental set-up is shown in Ref. [133]. The measured PL spectra were used
to determine the photonic band dispersion through conservation of the wavevector
parallel to the sample surface [144, 145, 146, 58, 147], and their polarization.
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Figure 3.5: Real part of magnetic ﬁeld component 퐻푧 at the Γ point for the photonic
modes corresponding to the resonant structures in Fig. 3 a) at 휔푎/(2휋푐) = 0.31 (ﬁfth
band) and in Fig. 3 c) at 휔푎/(2휋푐) = 0.34 (sixth band).
The axes of polarization and the experimental geometry are deﬁned according to
Fig. 3.3.f For incidence in a plane along the Γ-X1 direction, since the XZ plane is a
mirror plane of the Suzuki-phase lattice, the electromagnetic ﬁeld can be even or odd
under the mirror reﬂection operation 휎ˆ푘푧 = 휎ˆ푥푧: the former states are denoted as
휎푘푧 = +1, while the latter are denoted as 휎푘푧 = −1. For incidence in a plane along
the Γ-X2 direction, since the YZ plane is again a mirror plane of the Suzuki lattice,
fSketch courtesy of Prof. L. C. Andreani, Universita` degli Studi di Pavia, Italy.
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the eigenstates of the electromagnetic ﬁeld can be even (휎푘푧 = +1) or odd (휎푘푧 = −1)
under the mirror reﬂection operation 휎ˆ푘푧 = 휎ˆ푦푧. We notice that 휎푘푧 = +1 states are
coupled to transverse-magnetic or p-polarized light with respect to the observation
plane shown in Fig. 3.3 b), while 휎푘푧 = −1 states are coupled to transverse electric or
s-polarized light [145]: these denominations, however, relate only to vertical mirror
symmetry 휎ˆ푘푧 and have nothing to do with specular reﬂection 휎ˆ푥푦 with respect to
the XY plane, which is not a symmetry operation of the structure with Bragg.
Four typical normalized PL spectra along the Γ −푋1 direction, for one particular
angle (휃 = 25∘), for the samples with and without Bragg reﬂector, are shown in
Figure 3.4. The PL spectra were normalized dividing the PL intensity from the
patterned area over the PL intensity of a close unpatterned area. Similar spectra
were obtained for the rest of the angles of measurement. A clear change in the
intensity (Fig. 3.4 a,b)) and number of peaks (Fig. 3.4 c,d)) for each polarization
(휎푘푧 = +1 (p), 휎푘푧 = −1 (s) respectively) is observed between the samples with
and without Bragg reﬂector. For each angle (휃), the observed peaks were ﬁtted to
gaussian functions. The center of the ﬁt function was extracted and plotted versus
the parallel component of the wave vector (푘∣∣). The values of the 푘∣∣ are obtained
by the relation 3.1, where 휔 is the radiation angular frequency, 휃 is the angle of
measurement, 퐸 is the radiation energy measured in eV (the center of the ﬁt), and
푎 is the lattice constant of the PC lattice.
푘∣∣ =
휔
푐
푠푖푛휃 =⇒ 푘∣∣
푎
휋
= 1.1613퐸[푒푉 ]푎[휇푚]푠푖푛휃 (3.1)
Figure 3.5 shows the real part of the magnetic ﬁeld component 퐻푧 at the Γ point for
the photonic modes corresponding to the resonant structures in Fig. 3.4 a) around
휔푎/(2휋푐) = 0.31 and in Fig. 3.4 c) around 휔푎/(2휋푐) = 0.337. These modes corre-
spond to the ﬁfth and the sixth band, respectively, of the sample without Bragg (the
horizontal mirror symmetry 휎ˆ푥푦 is not broken). Considering that the magnetic ﬁeld
H is a pseudo (or axial) vector [50], we notice that the ﬁfth band is even along the
Γ−푋1 direction (휎푥푧 = +1) and odd along the Γ−푋2 direction (휎푦푧 = −1). Thus,
we expect the ﬁfth band to couple to p-polarized light along the Γ −푋1 direction
and to s-polarized light along the Γ − 푋2 direction. The sixth band, instead, is
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odd along the Γ − 푋1 direction (휎푥푧 = −1) and even along the Γ − 푋2 direction
(휎푦푧 = +1), thus it couples to s-polarized light along Γ−푋1 and to p-polarized light
along Γ−푋2. These results are in agreement with those shown in Fig. 3.4 a,c) and
shown that polarization-resolved PL is a powerful tool to identify photonic bands
through their symmetry properties.
3.4 Results
The photonic bands and their polarization measured for both samples with and
without Bragg reﬂector are shown in Fig. 3.6. Figure 3.6 a) shows the photonic
bands measured for the sample without Bragg and the calculated band structure
in the “symmetric” approach [51, 53] where mirror symmetry 휎ˆ푥푦 with respect to a
horizontal plane through the InP slab is enforced and only the even modes 휎푥푦 = +1
(sometimes called TE-like) are shown. The parameters of the ﬁtting are 푎 = 455
nm, 푟 = 0.33푎 and 푑/푎 = 0.514. It is remarkable that the ﬁfth band (휔 = 0.31 in Γ)
and the sixth band (휔 = 0.34 in Γ) have well deﬁned polarization (p or s) for all k-
vectors. The ﬁfth band has 휎푘푧 = +1 or p-polarization along the direction Γ−푋1 and
휎푘푧 = −1 or s-polarization along Γ−푋2. The sixth band shows the complementary
behavior, i.e, it shows s-polarization along the Γ−푋1 direction and p-polarization
along Γ−푋2. This is in good agreement with the expected ﬁeld patterns calculated
by guided-mode expansion for several k-vectors along both directions Γ − 푋1 and
Γ−푋2, as exempliﬁed in Fig. 3.5 at the Γ point, and is also analogous to previous
results found in reﬂectance spectra of macroporous silicon [145]. The bands are
dipole-active (i.e., coupled to polarized light in the far ﬁeld) with the following
orientation: For the ﬁfth band the axis of the dipole is parallel to the Γ − 푋1
direction. For the sixth band, the axis of the dipole is parallel to the Γ − 푋2
direction. The same measurements were performed in samples with Bragg reﬂector.
Figure 3.6 b) shows the photonic bands measured for the sample with the Bragg
reﬂector and the calculated full band structure [51, 53]. The parameters of the
ﬁtting are 푎 = 484 nm, 푟 = 0.33푎 and 푑/푎 = 0.514. In this case a drastic change in
the photonic band structure is observed with respect to the sample without Bragg
mirror. The experimental data are best ﬁtted by the full band structure, showing
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Figure 3.6: Photonic band structure of the Suzuki-phase lattice. Blue color for
bands with 휎푘푧 = +1 polarization. Red color for bands mainly 휎푘푧 = −1 polarized.
a) Sample without Braggs: Solid lines show the bands calculated by guided-mode
expansion in the “symmetric” approximation with the parameters 푑/푎 = 0.514 and
푟/푎 = 0.33. Only 휎푥푦 = +1 or TE-like modes are shown. Circles: measured points.
b) Sample with Bragg reﬂector: Solid lines show the full band structure calculated
by guided-mode expansion with the parameters 푑/푎 = 0.514 and 푟/푎 = 0.33. Filled
points for 휎푘푧 = −1 polarization. Blue open circles for 휎푘푧 = +1 polarization.
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Figure 3.7: Polarization resolved photonic band structure measured for the sample
with Bragg mirror. Point label indicates the normalized intensity of emission. Solid
curves are calculated with guided-mode expansion: blue bands for bands with 휎푘푧 =
+1 or p-polarization, red color for bands with 휎푘푧 = −1 or s-polarization. Arrow
indicates the direction of the k-vector. Labels above the graphs indicate the direction
of the axis of the polarizer in relation to the axes deﬁned in Fig. 3.3.
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Figure 3.8: Fifth band along the direction Γ−푋1. The numeric labels indicate the
normalized intensity. (a) Sample without Bragg: Blue color for bands with 휎푘푧 = +1
or p-polarization. Red color for bands mainly 휎푘푧 = −1 or s-polarization. Blue dots
for measured points detecting p-polarized light. b) Sample with Bragg: 휎푘푧 = −1
or s-polarization. Red dots for experimental points detecting s-polarized light. c)
Sample with Bragg: 휎푘푧 = +1 or p-polarization. Blue dots for measured points
detecting p-polarized light.
that more photonic bands arise in the sample with Bragg mirror. Those bands are
due to the breaking of the horizontal mirror symmetry 휎ˆ푥푦 of the structure caused
by the introduction of the Bragg mirror, which couples TE-like to TM-like modes
of the structure without Bragg.
Figure 3.7 shows the normalized intensities measured for the Γ − 푋1 and Γ − 푋2
directions of the sample with the Bragg mirror. The data show that the photonic
bands that should correspond to “TM-like” modes (electric ﬁeld along z) can be
measured, despite the emission of the quantum wells is mainly “TE-like” polarized
(electric ﬁeld in XY plane). This is naturally explained by the breaking of horizontal
mirror symmetry 휎ˆ푥푦 in the sample with Bragg. On the other hand, vertical mirror
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symmetry 휎ˆ푘푧 along the Γ − 푋1 and Γ − 푋2 orientation is preserved even in the
sample with Bragg and pure 휎푘푧 = +1 (p) or 휎푘푧 = −1 (s) modes are expected.
However, mixing of p/s polarizations is also observed in some bands and for some k-
vectors with diﬀerent intensities for each polarization. Nevertheless, it is important
to note that the intensity of emission of the “unexpected” polarization component is
much more smaller than the “expected” one (pure modes). In general the degree of
polarization deﬁned as 휌 = ∣(퐼푥 − 퐼푦)/(퐼푥 + 퐼푦)∣ corresponds to the mixing induced
by any symmetry-breaking eﬀect present in the sample. It is remarkable that the ﬁfth
band which has p-polarization along the direction Γ −푋1 shows also s-component
which was not observed in the sample without Bragg mirror. This band has a
degree of polarization (휌) between 86% and 91%. The polarization mixing eﬀect is
attributed to the presence of disorder (variation of hole size, position, microroughness
of hole sidewalls, mainly) which breaks mirror symmetry and whose eﬀect may be
enhanced in the sample with Bragg.
Figure 3.8 shows the ﬁfth band for both samples and the calculated photonic band
structure. According to the calculations, the ﬁfth band is nearly ﬂat along the
Γ −푋1 direction, well isolated in frequency and remains almost unchanged in the
“symmetric” and full band approach. This makes the ﬁfth band very suitable for
the comparison of the intensity of emission between both samples with and without
Bragg mirror. For this band the Qs are slightly higher (below two times) for the
sample with Bragg mirror. The intensity of the emission for p-polarization is between
4 and 7 times higher for the sample with Bragg mirror in the whole wavevector
(corresponding to angular) range, except for the Γ point, where the enhancement is
1.9. The enhancement of PL signal towards the vertical direction arises from multiple
reﬂections by the Bragg mirrors in the SiO2 wafer bonding layer, as previously
analyzed in Ref. [39]. Notice that even at the X1 point, the internal angle in the
SiO2 layer is calculated to be around 20 degrees, which is well within the angular
acceptance of a Si/SiO2 Bragg reﬂector. This results in an almost k-independent
enhancement.
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3.5 Summary
We have fabricated and measured the SP lattice on two kinds of InP semiconductor
slabs with InAsP/InP quantum wells as active layer with and without an underlying
Bragg mirror. PR-ARP spectroscopy was used for the optical characterization.
For the structure without Bragg reﬂector the experimental data are well ﬁt by a
“symmetric” calculation. For the sample with Bragg mirror are best ﬁt by a full
band calculation (i.e., TE-like and TM-like modes are coupled). A mixing of p/s
polarizations deﬁned with respect to a vertical mirror plane is observed for the
structure with Bragg, whereas the polarization is well deﬁned for the non-Bragg
sample. An enhancement on the photoluminescence emission up to seven times has
been obtained for a ﬂat photonic band along the Γ−푋1 direction, which is the main
distinctive feature of the Suzuki-phase photonic lattice. For this band, the Qs are
slightly higher (below two times) for the sample with Bragg mirror.

Chapter 4
Two-dimensional surface
emitting photonic crystal laser
with hybrid triangular-graphite
structure
In our search of the enhancement of the optical conﬁnement in photonic crystal structures a
two-dimensional photonic crystal lattice conformed in a hybrid triangular-graphite conﬁgu-
ration was designed for vertical emission. This lattice was created as a periodic perturbation
of the triangular lattice, and includes, as limiting cases, two major well-known structures,
the triangular and the graphite lattices. The structures have been fabricated in an InP slab,
including four InAsP quantum wells as active layer, on the top of a Si substrate 푆푖푂2 wafer
bonded. A compact surface-emitting micro laser, optical pumped and operating at 1.5 휇m at
room temperature was obtained. Laser emission with thresholds around 70 휇W and quality
factor up to 12000 have been measured. The Bloch mode selected for the emission keeps a
high quality factor (≥ 2 × 105) around the Γ point for a wide range of in-plane values 푘∣∣
≤ 0.1(2휋/푎) which is related to the peculiar properties of the hybrid lattice.
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4.1 Introduction
Since the ﬁrst photonic crystal (PC) laser [20] several kinds of 2D-slab (PC) lasers
have been studied up to now, like microcavity PC lasers [64], ring-like lasers [148,
131], large area PC lasers [149], and recently the so-called 2.5-D microresonators [134].
In microcavity lasers a high quality factor (Q) and a small modal volume are nec-
essary in order to get low threshold emission [22]. In spite of its high eﬃciency the
PC microcavity (PCM) lasers have two “drawbacks”: ﬁrst, the low emission power
(a few nW) which is low for many practical applications [150] and second, the low
directionality of the emission beam pattern [39] which strongly reduces the fraction
of emitted photons that can be collected. In order to overcome those problems,
large area two-dimensional (2D) PC lasers can be used. These 2D PC slab lasers are
based in the low group velocity close to the high symmetry points of the reciprocal
lattice [34, 54, 35, 36]. In this way the light-matter interaction is increased and laser
operation is reached easier. One part of those band-edge PC lasers uses speciﬁc re-
ciprocal points below the light line [34, 54]. In that case the light is conﬁned in the
vertical direction by total internal reﬂection (TIR) and the optical losses are mainly
in-plane due to the ﬁnite size of the structure. The other part is based in the low
dispersive bands close to the Γ point [35, 36]. In that case, if the Bloch modes are
weakly coupled to the radiative modes, laser emission can be reached. The emission
is very directional around the Γ point favoring the eﬃcient coupling to, for example,
an optical ﬁber [151]. The threshold and Q vary widely among those structures
depending on the kind of the PC lattice, its size and the active material used.
In this chapter we demonstrate laser emission at 1.55 휇m in a Γ-point PC laser
conformed in the hybrid triangular-graphite lattice [152, 139] with low-threshold
and a high Q. Speciﬁcally, we have used the Γ3 point of the photonic bands due
to its special properties: ﬁrst, it favours the vertical emission; second, the Bloch
mode selected presents a large vertical quality factor 푄푣 ≥ 2 × 105, and third, this
happens for a wide set of in-plane values 푘∣∣ ≤ 0.1(2휋/푎). This high Q for a large
set of 푘∣∣ values above the light line is due to that the selected Bloch mode at Γ3
of the hybrid lattice corresponds also to the maximum of the ﬁrst 퐾 point of the
triangular lattice (퐾1), which is below the light line. That point becomes weakly
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Figure 4.1: a) Schematic representation of the hybrid triangular-graphite lattice. b)
High symmetry directions in the k space.
radiative by the small perturbation corresponding to the diﬀerent radius between
the two set of holes of the hybrid lattice, as it will be discussed. Hence, the hybrid
structure provides a new physical mechanism for vertical lasing and high Q.
4.2 Two-dimensional photonic crystal description
The hybrid triangular-graphite lattice, also known as the “reduced-symmetry trian-
gular lattice” was proposed for the ﬁrst time by Ch. M. Anderson et al. [152] to
increase the absolute band gap in the graphite lattice [138]. However, it was shown
by T. Trifonov et al. [153] that any modiﬁcation (square and circular cross sections)
of the triangular crystal structure reduces the absolute photonic band gap. In our
case the hybrid lattice was created as a periodic perturbation of the triangular lat-
tice (keeping in mind the heterostructure conﬁnement [154] as it will be shown in
the next section) where a reduction of the radii of some of the holes of the triangular
lattice (with lattice constant 푎/
√
3) gives birth to a new hybrid structure with two
sublattices with triangular and graphite symmetries (that share the same Bravais
lattice with underlying lattice constant 푎, see Fig. 4.1 a)).
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The 2D periodic structure used throughout this work is depicted in Fig. 4.1 a). Let
푅푡 be the radius of the cylinders of the triangular sub-lattice and 푅푔 the radius of
the cylinders of the graphite sub-lattice, being 푎 the lattice parameter. The hybrid
triangular-graphite lattice is generated by means of triangular Bravais lattice with
primitive vectors −→푎1 = 푎(
√
3/2, 1/2), −→푎2 = 푎(
√
3/2,−1/2) and three cylinders by unit
cell at positions (with respect to the center of the cell): −→푢0 = (0, 0), −→푢1 = (−→푎1+−→푎2)/3
and −→푢2 = −(−→푎1+−→푎2)/3. The radius of the cylinder placed in −→푢0 is 푅푡 (its replication
alone would give rise to the triangular lattice) and the radius of the cylinders placed
in −→푢1 and −→푢2 is 푅푔 (whose replication alone would give rise to a graphite type
lattice). The distance between the center of nearest neighbor cylinders is 푎/
√
3 and
the conditions of non-overlapping cylinders are: 푅푡/푎 ≤ 0.5, 푅푔/푎 ≤ 1/2
√
3 , and
푅푔/푎+푅푡/푎 ≤ 1/
√
3. When 푅푡 is equal to 푅푔 the hybrid triangular-graphite lattice
becomes a triangular lattice with reduced lattice parameter 푎/
√
3. Moreover, when
푅푔 is equal to zero the standard triangular lattice is obtained (lattice constant 푎),
and when 푅푡 is equal to zero we recover the usual graphite lattice. The variation of
the values of 푅푡 and 푅푔 leads to diﬀerent conﬁgurations for the hybrid triangular-
graphite lattice. The reciprocal lattice is given by the primitive vectors:
−→
푏1 =
2휋
푎
(1/
√
3, 1) and
−→
푏2 =
2휋
푎
(1/
√
3,−1), that yields a hexagonal ﬁrst Brillouin zone
with the same symmetry points as the triangular or graphite lattice. The high
symmetry points are: Γ = (0, 0), M =
−→
푏2/2 and K = 1/3(−−→푏1 + −→푏2 ), (see Fig. 4.1
b). The hybrid structure (in 2D) is completely described by the radii values 푅푔/푎
and 푅푡/푎, and the dielectric constant 휖. For 휖, we have chosen the value 휖 = 10.1
since it is the InP dielectric constant at 휆=1.55 휇m. Using a plane-wave expansion
method consisting on the fully vectorial solution of Maxwell’s equations with periodic
boundary conditions computed by preconditioned conjugate-gradient minimization
of the block Rayleigh quotient [155] the dispersion relations are obtained.
Figure 4.2 a) shows the 2D band diagram calculated for radii parameters 푅푡/푎 =
0.12 and 푅푔/푎 = 0.17 where several low dispersive bands are observed. This hy-
brid triangular-graphite lattice belongs to a set of 2D structures, like the Suzuki-
phase [51], and the Archimedean [140] lattices, which have a basis made of several
rods per unit cell, similar to coupled cavity arrays [141]. All these lattices seem to
support several low-dispersive photonic bands. Fig. 4.2 (b-d) shows the Hz-ﬁeld pat-
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Figure 4.2: a) Photonic band structure (only even modes 휎ˆ푥푦 = +1 are plotted).
b) Normalized imaginary part of the Hz-ﬁeld proﬁle at the Γ3 point. c) Normalized
real part of the Ex-ﬁeld proﬁle at the Γ3 point. d) Normalized real part of the
Ey-ﬁeld proﬁle at the Γ3 point. The parameters of the simulation are: 푅푡/푎 = 0.12,
푅푔/푎 = 0.17, 휖 = 10.1.
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tern, the Ex-ﬁeld pattern and the Ey-ﬁeld pattern of the third band at the Γ-point
(Γ3). This band is selected for the obtention of laser emission as it was mention in
the Introduction of this chapter. This mode shows hexapole Hz distribution [156]
being a nondegenerate Bloch mode.
4.3 Design of the 2D photonic crystal slab structure
Figure 4.3 b) shows the band structure of the hybrid triangular-graphite lattice and
the Q calculated for the third band (TE-like mode) using the guided-mode expansion
method (gme) in the symmetric approach [53, 51].a This approach has shown a good
agreement between the calculated band structure of 2D PC waveguides embedded in
air and 푆푖푂2 [51, 52] and the measured counterparts. We have selected the Γ3 point
of the third band for the laser emission. At this point the photonic band structure
presents a well isolated hexapole Bloch mode (Fig. 4.3 c)) with low dispersion and
negative curvature around the Γ3 point. This mode is uncoupled to the scattering
states of the electromagnetic ﬁeld at the Γ point keeping a large Q (≥ 2× 105) for a
relatively wide set of values of in-plane 푘∣∣ ≤ 0.1(2휋/푎) (see Fig. 4.3 b)). This high
Q for large 푘∣∣ values can be explained as follows. When 푅푔/푎 = 푅푡/푎 ≤ 1/
√
3, the
hybrid lattice becomes a triangular lattice of pitch 푎/
√
3. The triangular lattice can
be calculated either with the 2D Bravais lattice of the hybrid lattice, lattice constant
푎 (Fig. 4.3 a)), or with its natural lattice constant (푎/
√
3). Using the Bravais lattice
of the hybrid structure (blue line in Fig. 4.4), the bands are folded within a Brillouin
zone which area is a factor of three times smaller. The calculated photonic bands
using the Bravais lattice of the triangular lattice with its natural constant 푎/
√
3 are
also shown in Fig. 4.4 (red dots). The Γ3 state of the hybrid lattice (see Fig. 4.3
b)) corresponds to a maximum of the ﬁrst band at the 퐾1 point of the triangular
lattice (see Fig. 4.4), which is below the light line. The mode of the triangular
lattice is non-radiative, and is rendered weakly radiative by the small perturbation
consisting in the diﬀerent radius between the two sets of holes of the hybrid lattice.
The mechanism for the formation of these high-Q states is unrelated with the ﬂat
aThe simulation has been done by Prof. L.C. Andreani from Universita` degli Studi di Pavia,
Italy.
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Figure 4.3: a) Schematic representation of the hybrid triangular-graphite lattice and
the high symmetry directions in the k space. b) Calculated quality factor of the third
band and photonic band structure (only even modes 휎ˆ푥푦 = +1 are plotted). Upper
green line represents the light line with the average cladding dielectric constant.
Bottom green line represents the InP light line. The red bar denotes the region with
푘∣∣ <0.1(2휋/a) around the Γ point, where the Γ3 band (indicated by a red arrow) is
ﬂat. c) Normalized E-ﬁeld intensity proﬁle at the Γ3 point. The parameters of the
gme simulation are: 푎 = 780 nm, 푅푡/푎 = 0.12, 푅푔/푎 = 0.17, 휖 = 10.1, 푡/푎 = 0.304.
Being 푡 is the thickness of the slab.
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Figure 4.4: Photonic band structures (only even modes 휎ˆ푥푦 = +1 are plotted) of the
triangular lattice calculated with the same ﬁlling factor that the hybrid lattice of
Fig. 4.3 (b). The parameters of the gme simulation are: 푎 = 780 nm, 푅푡/푎 = 0.155,
푅푔/푎 = 0.155, 휖 = 10.1, 푡/푎 = 0.304. Blue line: calculated with the Bravais lattice
of the hybrid triangular-graphite. Red dots: calculated with its natural Bravais
lattice (푎 −→ 푎/√3). Green lines are the light lines of the average cladding and core
materials.
.
bands of the hybrid lattice (which are number 4 and 5), and is more similar to
the mechanism of heterostructure cavities [154], where a small perturbation in the
lattice yields a very high Q. However, the Γ3 state is a delocalized state (not a cavity
mode) because the perturbation is periodic rather than localized. It must be noted
that calculated 푄 corresponds to an inﬁnite in-plane structure where there is no
in-plane losses and the Q of the structure is limited by the vertical quality factor
푄푣. For ﬁnite size structures, with lateral size 퐿, the value of the Q calculated by
the gme method, i.e., for an inﬁnite lateral size structure, must correspond to the
푄푣 of the ﬁnite size structure assuming 푘∣∣ ∼ 1/퐿 is very close to Γ.
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Figure 4.5: Left: Layout of the transversal section of the fabricated structures.
Right: Scanning electron microscopy image of a fabricated structure. The lattice
parameter is 푎 ≃ 780푛푚, 푅푡/푎 ∼ 0.12 and 푅푔/푎 ∼ 0.17.
4.4 Fabrication and Optical characterization
4.4.1 Fabrication
The PC consists of an InP slab with a thickness of 푡 = 237 nm. It contains four
InAsP quantum wells as active layer grown by molecular beam epitaxy (MBE) on
an InP wafer. A 300 nm InGaAs layer is used as sacriﬁcial-stop layer in the selective
wet etching. The structure is transferred to the top of a Si substrate by 푆푖푂2 wafer
bonding [78]. The thickness of the 푆푖푂2 is 0.9 ± 0.1 휇m. The InP carrier wafer
is removed by wet chemical etching.b A 120 nm thick 푆푖푂2 layer is deposited by
plasma enhanced chemical vapor deposition. Processing of the PC structures was
done by electron beam lithography on a polymethylmethacrylate (PMMA-A4) layer
on top of the 푆푖푂2. Reactive ion beam etching (RIBE) was used to open the holes
in the 푆푖푂2 by a 퐶퐻퐹3/푁2 mixture. The hard mask pattern was transfered to
the semiconductor material by reactive ion etching (RIE) by a 퐶퐻4/퐻2 mixture
combined with 푂2 plasma cycling [157]. After the process, a thick layer of 푆푖푂2
(∼ 80 nm) remains on top of the sample. The lateral size of the fabricated structures
was 30× 30 휇푚2. Structures with lattice parameters ranging from 760 nm to 1050
nm were fabricated. Laser emission was obtained in structures with lattice constants
bThe semiconductor material was provided by Institut des Nanotechnologies de Lyon, INL-Lyon,
(France).
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ranging from 760 nm to 815 nm. We have selected two structures with a=760 and
a=780 nm (Fig. 4.5) in order to tune the selected Bloch mode with the optimum
region of the photoluminescence (PL) spectra. The values of the hole radii have
been kept around 푅푡/푎 ∼ 0.12 and 푅푔/푎 ∼ 0.17. It is important to note that
structures from a=815 nm to 1050 nm with steps of 20-25 nm have been fabricated
in other to probe higher energy bands. Nevertheless, no laser emission has been
obtained from the higher energy bands. Moreover, the structures were fabricated in
air suspended membranes and nonlaser emission was obtained for all of the probed
bands including the third band. This is due to the high thermal resistivity of air
suspended membranes that prevents the laser emission.
4.4.2 Optical characterization
The optical characterization was performed by microphotoluminescence (휇-PL) spec-
troscopy at room temperature. The structures were optically pumped with a 785
nm laser diode to a frequency of 1 MHz and a 2.5% duty cycle. An objective lens
5× (0.14 푁퐴) was used to focus the excitation spot (diameter is ∼ 10 휇m). The
emitted light is collected through an optical ﬁber connected to an optical spectra
analyzer or dispersed by a 0.85 m focal length double spectrometer with a cooled
InGaAs photodiode array as detector.c
Laser emission from 1.55 휇m to 1.57 휇m has been obtained for diﬀerent fabricated
structures, with eﬀective pump power [158] threshold around 70 휇W, and Qs in
the range 10000-12000. The absorbed pump power was obtained by the method
described in Ref. [158]. The reﬂectivity of the InP was estimated to be ∼ 30%,
and the absorption coeﬃcient 훼=12900 푐푚−1 [159] giving an absorption fraction of
∼ 24%. Fig. 4.6 bottom shows spectra for two of the structures, 퐴 with 푎= 760 nm
and 퐵 with 푎=780 nm, well below of the excitation pump power threshold. The
spectra of both structures have a lorentzian lineshape more clearly noticeable at
high excitation powers. At low excitation powers the PL background added with
the Bloch mode emission yields a not lorentzian shape of the peak. A decrease of
the linewidth and a blue-shift is observed as the excitation power is increased. The
cA detailed description of the optical characterization set-up was done in Chap. 5.
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Figure 4.6: Top graphs shown spectra measured above the threshold for two struc-
tures: a) Spectrum of the 퐴 structure. b) Spectrum of the 퐵 structure. Bottom
graphs shows the spectra measured well below the threshold for 퐴, 퐵 structures.
c) Spectra of the structure (퐴) with a=760 nm at excitation eﬀective power range
from 36 to 108 휇W. d) Spectra of the structure (퐵) a=780 nm at excitation eﬀective
power range from 36 to 68 휇W.
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emission wavelength of the peak is in good agrement with the calculations (Fig. 4.3
b)).
Figure 4.7 shows the emission wavelength of the laser peak, the linewidth, and the
integrated emission intensity versus the eﬀective pump power for both structures.
A clear non linear emission is observed with an eﬀective pump power threshold
푃푡ℎ = 120 휇W and with a Q=10000 just below the threshold for the structure 퐴.
Taking into account the excitation spot size, we obtain a threshold density of power
excitation of ∼ 150 W/cm2. Similar behavior is observed for the second structure
with 푃푡ℎ = 70 휇W, Q=12000, and a threshold density of power excitation ∼ 100
W/cm2. It is important to note that we approximate the Q of the cold cavity for
the value 휆/Δ휆 just below the lasing threshold [160]. This does not make sure that
we are exactly at the transparency pump power, though. The Q measured bellow
the threshold is similar for all the structures studied and is close to previously Γ-
point 2D-PC lasers [35, 36] operating a 1.55 휇m without bottom Bragg reﬂector.
Nevertheless, the threshold value is around three times higher (in terms of incident
peak power at threshold) than the reported in Ref. [36] on InAsP/InP substrates
bonded to 푆푖푂2. In that case, however, the pumping conditions are diﬀerent.
The lasing linewidth well above the threshold is limited by the linewidth enhance-
ment factor (훼). The linewidth measured is not limited by the spectral resolution of
our experimental set-up. For the sample 퐴 the linewidth saturates before than sam-
ple B (see Fig. 4.7). This means that 훼퐴 > 훼퐵 . Since the diﬀerential refractive index
is mainly a material parameter, the variation of 훼 from structure to structure has
its source in the variation of diﬀerential gain [161]. On the other hand, 훼 is inversely
proportional to the emission wavelength and to the variation of the optical gain with
the number of carriers (푑푔/푑푁). Then, we conclude that (푑푔/푑푁)퐵 > (푑푔/푑푁)퐴.
This means that the emission of sample 퐵 is in a better spectral position than for 퐴,
which implies the reduction in the power threshold, which is due to the best relation
absorbtion-gain for the spectral position of the Bloch mode of the 퐵 structure and
its higher Q [142]. The evolution of the peak position with the excitation power
presented for both structures a linear behavior with two diﬀerent stages. Below the
threshold the blue-shift is faster than above the threshold as it is expected for lasers
with good heat dissipation [162]. This is the common case for the structures wafer
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Figure 4.7: Evolution as a function of the excitation eﬀective power. Left: Structure
퐴. Right: Structure 퐵.
bonded to a Si substrate [80]. The blue-shift above the threshold is due to the carrier
induced modiﬁcation of the refractive index [163, 81]. It has been shown in previous
publications [163, 81], that free-carrier optical generation can signiﬁcantly blue-shift
the emission wavelength. Beyond threshold, free carrier density is clamped (at least
partially [81]), which results in the observed saturation of the blue-shift.
In order to explain the Q measured in the fabricated structures an estimation of the
Q of the ﬁnite size structures is necessary. Figure 4.8 shows the Hz ﬁeld proﬁle of
the 2D PC slab with hybrid symmetry for a ﬁnite size structure calculated by three
dimensional ﬁnite diﬀerences in the time domain (3D-FDTD). A clear localization
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Figure 4.8: Normalized real part of the Hz-ﬁeld calculated by 3D-FDTD. a) Pattern
across the center of the slab (xy-plane). b) and c) Hz pattern of the vertical cross
section along the lines of the a). Red lines. The parameters of the simulation are:
푎 = 780 nm, 푟푡/푎 = 0.12, 푟푔/푎 = 0.17, 휖푠푙푎푏 = 10.1, 휖푆푖푂푥 = 2.1, 푡/푎 = 0.304, and
area 17휇푚× 17휇푚.
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of the ﬁeld around the center of the structure is observed. Figure 4.9 shows the
evolution of the 3D-FDTD calculated Q of the third band at Γ for square structures
of diﬀerent areas.d An estimation of an upper value for Q for a structure of the
size of the fabricated one was done by a linear extrapolation of the last two points
of Fig. 4.9 (lower than ∼ 8000). It must be noted that the value of the measured
Q is slightly higher than the estimated for the ﬁnite size structure. This can be
explained by the ﬁnite size of the mode and the reduction of the lateral leakage.
The size of the mode can be controlled by the pump beam area through the carrier
generation that induces (Kerr eﬀect) a blue-shift of the resonance [163]. This eﬀect
results in a localization of the slow Bloch mode around a high symmetry extreme of
the dispersion characteristics with negative curvature. The lateral extension of the
Bloch mode is therefore limited to the pumping area [149]. The lateral leakage is due
to the ﬁnite size of the structure and the matching of its modes with the waveguide
modes [54]. In our case the above mentioned eﬀects are not enough to explain the
important increase of the Q compared to the estimated. We attribute this increase
to the eﬀect of a small variation of the radii of the holes close to the edges of the
structure. As it has been recently demonstrated [137, 68, 164] a slight variation on
the size of the features close to the edges dramatically reduces the in-plane lateral
leakage.
In Γ-point PC structures with ﬁnite size there are two mechanisms of the Q limita-
tion. The ﬁrst one is the lateral escape of photons at the edges of the structures. The
second is due to the ﬁnite size of the mode that contains photons with 푘∣∣ ∕= 0, then
vertical losses around Γ appear that can be signiﬁcant. In the hybrid triangular-
graphite lattice the Bloch mode selected presents a high 푄푣 for a wide range of 푘∣∣
in-plane vectors around Γ that reduces the vertical losses due to the ﬁnite size of
the mode. This may allow the design of a Γ3 point heterostructure [154] to suppress
the lateral leakage with smaller lateral size and much signiﬁcantly higher 푄 [137]e.
Moreover, the intensity of emission could be enhanced combining the structure with
a bottom Bragg reﬂector [52].
dThe simulation for the fabricated structure (900 휇m2) was not carried out due to the required
computational power.
ePreliminary, results show 푄 ≃ 1.5× 105 in a microcavity PC based in this kind of conﬁnement
above the light line (see Appendix A ).
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Figure 4.9: Evolution of the Qf third band of the hybrid lattice with area of the
structure calculated by 3D-FDTD. The parameters of the simulation are: 푎 = 780
nm, 푟푡/푎 = 0.12, 푟푔/푎 = 0.17, 휖푠푙푎푏 = 10.1, 휖푏푔 = 2.1, 푡/푎 = 0.304. Dots: simulated
points. Black line: guide to the eye.
4.5 Summary
We have demonstrated room temperature surface emitting PC laser operating around
1.55 휇m using the PC structure of the hybrid triangular-graphite lattice. By optical
pumping the structure presents a low threshold of excitation power (∼70-120 휇W).
Qs ranging from 10000 to 12000 have been measured.
The Bloch mode (Γ3 point) selected for the vertical emission presents a high Q for
a wide range of 푘∣∣ in plane vectors around the Γ point. This high Q is explained by
the correspondence of this mode above the light line with the ﬁrst 퐾 point of the
triangular lattice below the light line which is rendered weakly radiative due to the
perturbation induced by the two sets of holes of the hybrid lattice. Furthermore, the
hybrid structure provides a new physical mechanism for vertical lasing and high Q.
This allows the design of a Γ3 point heterostructure to inhibit the lateral leakage of
the photons giving place to a PC structure with very high Q, relative small modal
volume, and vertical directional emission.
Chapter 5
Room temperature laser
operation in a PCM with a
single layer of InAs/InP
self-assembled quantum wires
Laser emission in a photonic crystal microcavity operating at 1.5 휇m at room tempera-
ture is demonstrated in the continuous and pulsed optical excitation. The structures have
been fabricated in an InP slab including a single layer of self-assembled InAs/InP quantum
wires as active material. Continuous wave laser emission in air suspended membranes with
thresholds of eﬀective optical pump power of 22 휇W and quality factors up to 55000 have
been measured. Eﬀective pump powers thresholds below 2 휇W have been measured using
pulsed pumping. In this excitation regime, asymmetric lineshapes just above the threshold
and multipeak emission as the excitation power is increased have been measured. Further,
the energy splitting among the peaks, which is in the range of meV to 휇V, is increased with
the excitation power.
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5.1 Laser emission under continuous wave excitation
5.1.1 Introduction
The development of high-density optoelectronic integrated circuits may beneﬁt from
the large integration capacity of micro/nanolasers. These light sources should exhibit
low power consumption and low footprint and can be operated at higher temper-
atures and at higher modulation rates than conventional lasers [23]. Due to their
ability to tailor the light in the wavelength scale, photonic crystals (PCs) have at-
tracted strong attention enabling the development of two dimensional PC slabs with
photonic crystal microcavities (PCMs) [78]. These photonic microstructures conﬁne
the light in a volume of the order of a cubic wavelength and present high quality
factors (Q) [12, 102] being therefore ideal candidates for the fabrication of more
eﬃcient light sources [23, 44].
Quantum wells (QWs) or quantum dots (QDs) have been used mainly as the gain
medium in PCM lasers. Our approach is to use a single layer of self-assembled
InAs/InP quantum wires (QWrs) [95] as active material. Due to the reduced di-
mensionality of the QWrs compared with QWs we should expect several advan-
tages like a lower threshold for laser emission [97, 165], reduced temperature sen-
sitivity [90], reduction of the linewidth enhancement factor [166], reduced surface
recombination [167] (which is very important in structures like PCM with many
material-air boundaries), good lateral carrier conﬁnement and in-plane polarization
anisotropy [95]. Also, InAs/InP QWrs oﬀer the possibility to tune the spontaneous
emission beyond 1.6 휇m [168, 169], which is very interesting for practical applications
such as gas sensing and molecular spectroscopy. Finally, compared to QDs, the QWrs
allow a good compromise between their lateral conﬁnement and the active-medium
volume and can also be fabricated isolated using patterned GaAs substrates [170]
or by self-assembled methods on InP [94] for single QWr lasing applications.
Low temperature self-tuning lasing operation around 0.9 휇m has been demonstrated
using a single layer of low density InAs/GaAs QDs in a PCM [22]. Similarly, lasing at
∼ 1.2 휇m in a PCM has been obtained using a single layer of high density InAs/GaAs
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QDs [171]. To demonstrate room temperature (RT) lasing around 1.3 휇m in a QD
based GaAs PCM, it was necessary to stack ﬁve self-assembled InAs/GaAs QD
layers as active material [172, 173, 174]. Meanwhile, laser emission at 1.5 휇m at
RT using pulsed optical excitation has been demonstrated both, in a compact “2.5
D” PC Γ-point laser [80] and in an air suspended PCM [164], containing a single
layer of InAs/InP QDs as gain medium. Continuous wave (CW) optically pumped
laser operation at 1.6 휇m was demonstrated in an InP slab, on top of 퐴푙2푂3, using
multiple (six) InGaAsP/InP QWs and an hexagonal PCM with a diameter size of ∼
10 휇m [175]. Finally, using a multiple (four) GaInAsP/InP quantum wells Nozaki
et al. [64] showed RT continuous wave (CW) lasing at 1.5 휇m in a PC nanocavity
(which is the PCM with the ultimate-small modal volume,a 푉 = 0.15(휆/푛)3), with
thresholds around 1.2 휇W of absorbed pump power (푃푒푓푓 ). All of these experiments
were done with no resonant pumping.
In this ﬁrst part of the chapter, it is shown RT lasing at 1.5 휇m using CW non-
resonant optical pumping of a PCM air suspended membrane containing a single
layer of InAs/InP self-assembled QWrs. Our devices are based on L7-type [107]
PCMs with high quality factors 푄 ≃ 55000 and threshold values of 푃푒푓푓 ∼22 휇W.
5.1.2 Design and fabrication
Epitaxial material
The starting material consists of a single layer of self-assembled InAs/InP QWrs
grown by solid source molecular beam epitaxy and embedded in a 237-nm-thick
InP slabb. An In0.53Ga0.47As layer of 700 nm thickness layer is used as sacriﬁcial
layer for the membrane realization. Fig. 5.1 a) shows an atomic force microscope
image (AFM)c of an uncapped sample containing QWrs. The QWrs morphology is
clearly elongated along the [110] crystal direction with average width, height and
pitch period of 15 nm, 3.6 nm and 18 nm, respectively. Their length exceeds 1 휇m
aIt is remarked by the authors that is close to the lower limit for an optical cavity.
bThe epitaxial material was provided by Dr. D. Fuster and Prof. L. Gonza´lez.
cAFM image courtesy of Dr. D. Fuster and Prof. L. Gonza´lez.
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Figure 5.1: a) Atomic force microscope (AFM) image of an uncapped sample of
self-assembled InAs/InP QWrs. b) Room temperature polarization resolved pho-
toluminescence spectrum of the quantum wires sample without photonic crystal
structure. Blue color [110] crystal direction. Red color [1 1 0] crystal direction.
in most cases. Fig. 5.1 b) contains a polarization resolved RT photoluminescence
emission spectra of the gain medium detected with a Ge cooled detector (detector
peak sensitivity at 1.63 휇m) and shows that the emission is broad and ﬁnds its
maximum at 1.56 휇m. These QWrs exhibit more than 20% of linear polarization
anisotropy along their elongated direction in the emission range from 1450 nm to
1650 nm, in agreement with previous works [95]. More details about the growth
procedure and optical properties of these QWrs can be found elsewhere [95, 168].
Photonic crystal structure
A triangular lattice of air holes was selected as the PC structure which presents a
large photonic band gap for the even modes (휎푥푦 = +1), also called TE-like modes.
A L7-type cavity is selected as PCM, which is created ﬁlling seven holes along the
Γ퐾 direction of the triangular lattice. The L7 cavity belongs to the Ln group of
PCMs whose modes can be classiﬁed as either even (휎푥푧 = +1) or odd (휎푥푧 = −1)
with respect to mirror reﬂection along the longitudinal direction of the cavity (XZ
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Figure 5.2: Up: Relation dispersion of the W1 PCW and spectral position of the
four low-energy modes of the L7 PCM. Only even 휎푥푦 = +1 are plotted. Red color
휎푥푧 = +1 modes. Blue 휎푥푧 = +1. Down: Normalized 퐻푧, 퐸푦, 퐸푥 ﬁeld patterns of
the four low energy modes of the L7 PCM.
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plane) [62], in analogous way with a PC waveguide (W1) [176], where all holes of
the row are eliminated along the Γ퐾 direction for creating the channel. Fig. 5.2 up
shows the dispersion relation of a W1 waveguide, and the four low-energy modes
of the L7 cavity. Only modes which are even with respect to a mirror reﬂection
on the XY plane are plotted (휎푥푦 = +1). The parameters of the structure are the
lattice constant, 푎 = 440 nm, the hole radius rate, 푟/푎 =0.27 and the thickness
of the slab, 푑 = 237 nm. The L7 cavity presents a low energy mode at 휔푎/2휋푐 ≃
0.283 with calculated Q=70000, small modal volume V=1.2(휆/n)3, and relative high
eﬀective index 푛푒푓푓 =2.78 calculated using the guide-mode expansion method [53].
d
In addition, the fundamental mode emission is well isolated (Δ(표1 − 표2)휆 ≃ 18 nm)
from the higher order modes and can potentially exhibit high 훽 values as it has been
demonstrated in PCMs with InAs/GaAs QDs as active material [177]. Fig. 5.2 shows
the ﬁeld proﬁles of the four low energy modes calculated by 3D-FDTD [109]. The
fundamental mode (표1), the 표3 mode, and 푒1 mode have “well-deﬁned” symmetry
properties, i.e., the 퐸푥, 퐸푦 ﬁeld patterns are symmetric with respect to the XZ
plane and the YZ plane or antisymmetric with respect to those symmetry planes.
Taking into account that double symmetric (with respect to both symmetry axes)
is required for the coupling to the exactly vertical scattering states of the ﬁeld
component and that double antisymmetric (with respect to both symmetry axes)
produce the cancelation of the overlap between the conﬁned states and scattering
states, the ﬁeld component considerated is inhibited [178]. Then, the 푦 polarization
is favored for the mode 표1 and the 표3 mode. Nevertheless, the 푥 polarization is
favored for the 푒1 mode. It is important to note that E ﬁeld patterns of the 표2 mode
are not totally symmetric/antisymmetric. This does not provide purely vertical
emission [178], and in order to determine which polarization component is favored,
a simulation taking into account the k-range of collection of our experimental set-
up is necessary. This can be done, for example, by 3D-FDTD [41]e. Nevertheless,
according to the work of S.-H. Kim et al. [62] polarization perpendicular to the
longitudinal direction of the cavity is expected and was measured by C. F. Wang et
dThe gme simulation of the L7 cavity was done by Dr. D. Gerace and Prof. L. C. Andreani
from Universita` degli Studi di Pavia, Italy.
eThe Lumerical package provides a tool for obtaining the far ﬁeld patterns of the microcavity
modes.
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Figure 5.3: Scanning electron microscope image of the fabricated L7-type photonic
crystal microcavity. The lattice parameter is 푎 = 440 nm and the value of 푟/푎 ∼ 0.27.
al. [108] in diamond material. The Qs and V obtained for the next higher energy
modes are: 푄표2 ≃ 10000/푉표2 ≃ 1.2(휆/푛)3, 푄표3 ≃ 2000/푉표3 ≃ 1.2(휆/푛)3 and 푄푒1 ≃
3500/푉푒1 ≃ 1.3(휆/푛)3 being the separation between then Δ(표2− 표3)휆 ≃ 43 nm, and
Δ(표3 − 푒1)휆 ≃ 32 nm. In agreement to this, the cavity optical features of this PCM
can be univocally determined by the optical measurements.
Fabrication
A 120 nm thick 푆푖푂푥 layer was deposited by plasma enhanced chemical vapor de-
position on top of the InP epitaxial material. Processing of the PC structures was
done by electron beam lithography on a polymethylmethacrylate (PMMA-A4) layer
on top of the 푆푖푂2. Each cavity is surrounded by eleven rows of holes to minimize
the in-plane losses. Reactive ion beam etching (RIBE) was used to open the holes
in the 푆푖푂2 by a 퐶퐻퐹3/푁2 mixture. The hard mask pattern was transferred to
the semiconductor material by reactive ion etching (RIE) by a 퐶퐻4/퐻2 mixture
combined with 푂2 plasma cycling. After the process, a thick layer of 푆푖푂2 remains
on top of the sample. That was eliminated using a solution of hydroﬂuoric acid
water diluted 퐻퐹 (1) : 퐻2푂(5) during 90 s. For the obtention of the PC membrane
the sample was submerged in a 퐻퐹 (1) : 퐻2푂2(1) : 퐻2푂(20) solution under etch
rate control. For more details about the fabrication process see Ref. [157]/Chap.2.
Several PCM with an evolution in the value of the 푟/푎 ratio were fabricated in the
same wafer. Figure 5.3 shows a scanning electron microscope image of one of the
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Figure 5.4: Diagram of the optical characterization set-up.
fabricated PCMs. The holes present a circular shape with a high homogeneity in
position and size.
5.1.3 Optical characterization
Microphotoluminescense experimental set-up
Figure 5.4 shows a diagram of the experimental set-up used for the optical character-
ization. The excitation laser is a 785 nm single mode laser diode (LD), temperature
controlled by a peltier module, and electrically pumped in CW or pulsed regime.
The emitted light is collimated by a high numerical aperture (0.55 NA) lens (LS)
and passed through two neutral variable optical ﬁlters (NOF) in order to control
the optical power ﬂux. A beam splitter (BS) is positioned after the NOF to split
part of the light to a power meter (PM). The light is reﬂected by a dichroic mirror
(DM) and focused over the sample with a long working distance microscope ob-
jective. The emitted light is collected by the same objective and focused into an
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optical single/multimode ﬁber (OFB) by a low numerical aperture LS. The ﬁber is
connected to an optical spectrum analyzer (OSA) or a 0.85 m focal length double
spectrometer using as detector a cooled InGaAs photodiode array or a near infrared
photomultiplier. Before the LS a half-wave plate (휆/2) and a Glan Thompson polar-
izer (GT) are placed in order to do polarization resolved measurements. The sample
holder, temperature controlled by a peltier module, is placed in a stage with three
piezo-electrical motors (computer-controlled) for a precise sample position control,
as well as the optical ﬁber. Along this optical path two abatable BSs are used: The
ﬁrst for providing the sample light illumination with a white light source (WLS)
and a LS. The second for either observing the sample image or the far ﬁeld emission
pattern focusing the light by a LS in a CCD/NI-VDf camera. Color optical ﬁlters
(COF) are placed along the way in order to select the optical mode image. Changing
the position of the CCD along the axis the Fourier image of the emitted light can
be obtained [179].
Optical measurements
The optical characterization was performed by microphotoluminescence (휇-PL) spec-
troscopy at room temperature. The sample temperature was kept slightly above RT
(26±0.1∘C). The structures were CW optically pumped with a 785 nm laser diode.
An objective lens 20× (0.40 푁퐴) is used to focus the excitation spot (diameter
∼ 1.5 휇푚) over the sample. The emitted light was collected by the same objective
lens and focused in a single-mode optical ﬁber coupled to a 0.85 m focal length
double spectrometer. A cooled InGaAs photodiode array was used as detector in
this case.
A spectrum of the L7-PCM over study is shown in Fig. 5.5 a) over a CW excitation
power bellow the threshold of the fundamental mode. This is the typical spectrum
of a L7 PCM where the three odd low energy modes and the ﬁrst even mode are
observed . This behavior has been observed consistently in several PC structures
over the same wafer (see Fig. 5.5 b)). It is important to note that these spectra have
been measured with a 0.3 m spectrometer, using an InGaAs photodiodes array as
fNear infrared vidicon camera (NI-VD).
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Figure 5.5: a) Spectrum of a L7 PCM below the threshold of the low-energy mode.
b) Spectral position of several L7-PCMs with r/a ranging from ∼0.26 to ∼0.35.
Filled dots indicates the four low energy modes. Continuous line: wafer PL. c) Inte-
grated PL intensity versus eﬀective excitation power (blue dots) of the fundamental
mode (표1) of the spectrum in a). Red line is the linear ﬁtting for the data measured
above the kink. Dashed line indicates the threshold power (푃푡ℎ = 22휇푊 ). d) Log-
arithmic plot containing several emission spectra measured below threshold (dots).
Continuous lines stand for the corresponding lorentzian ﬁts.
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detector, since the spectral range of the measurements is quite long to be measured
with the high resolution spectrometer (0.85 m double spectrometer).
Figure 5.5 c) shows the non-linear behavior of the integrated emission intensity
versus the absorbed pump power (L-L curve) for a PCM oriented along the [110]
direction (parallel to the QWrs). This geometry has been investigated before us-
ing InGaAs QWrs stacked on V-groove patterns on GaAs with the result of laser
emission between 2 and 70 K under pulsed excitation [170, 180]. To this respect,
we must note that our PCMs fabricated along the perpendicular QWrs direction
([110]) do not show laser emission which we tentatively attribute to the enhanced
surface recombination at the material/air surfaces [181]. On the other hand, laser
emission was consistently observed in parallel PCMs fabricated in the same sample.
The absorbed pump power was obtained by the method described in Ref. [182].
The reﬂectivity of the InP was estimated ∼ 30%, and the absorption coeﬃcient
훼 = 12900 푐푚−1 [159] giving an absorption fraction ∼ 24%. The curve shows a
pronounced change on the slope with a clear kink. From the linear ﬁt of the L-L
curve above the kink, a threshold pump power of 푃푡ℎ = 22 휇푊 is obtained. This
value is close to compare (see table 5.1) with the values obtained in PCMs contain-
ing InAs/InP QDs operating at 1.5 휇m under pulsed excitation [80, 164] and with
the ones obtained in PCMs with GaInAsP/InP QWs [64, 182] and microdisks with
InAs/InP QWrs [167] in the CW pumping regime. Figure 5.5 d) shows a logarithmic
plot of the spectra measured below threshold for eﬀective excitation powers between
0.08푃푡ℎ and 0.8푃푡ℎ. At the highest power, we estimate Q=55000 from lorentzian ﬁt
to the data with the minimum linewidth that we can measure with conﬁdence in
our experimental setup. The measured quality factor is among the highest obtained
in active InP PCMs [64, 128, 69].
Figure 5.6 shows the evolution of the emission peak wavelength as a function of
the excitation power. The spectral peak position shows an initial blue-shift for
low excitation power attributed to the variation of the refractive index with carrier
density as reported for air suspended PCM microlasers [183]. As the excitation
power increases, due to the CW excitation, the thermal eﬀects become important
and produce an opposite change in the refractive index resulting in a red-shift of
the emission peak. Similar behavior has been observed in GaAs PCM microlasers
78 Chapter 5. Room temperature laser operation in a PCM with . . .
Ref. Photonic
structure
Active ma-
terial
Pumping
conditions
(nm,ns,%)
Absorbed
peak pump
power (휇W)
Q
×104
[80] Γ-Point PCM InAs/InP
QDs
(780,6,1.2) 380 <1
[164] PCM InAs/InP
QDs
(780,2,1) 80 1.6
[64] PCM GaInAsP/InP
QWs
(980, CW) 1.2 2.0
[182] PC-Microgear GaInAsP/InP
(5×) QWs
(980, CW) 14 —
[175] PCM InGaAsP/InP
(6×) QWs
(980, CW) ∼900 —
[167] Microdisk InAs/InP
QWrs
(800, CW) ∼ 103 ∼0.1
Table 5.1: InP-based microlasers operating a 1.5 휇m. At fourth column the exci-
tation power conditions are indicated as follow: excitation wavelength, duty cycle
width and duty cycle fraction.
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Figure 5.6: Emission peak wavelength versus eﬀective excitation power. Red line
shows the threshold power.
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Figure 5.7: Log-log plot of the integrated emission intensity versus the excitation
pump power. Blue dots are measured data. Red lines are the calculated curves
extracted for the indicated 훽 values with 푔 = 7.7 × 10−15 cm2 and 푁푡푟 = 2 × 1017
cm−3.
operating at room temperature in the CW excitation regime [173] and it is absent
in PCM in the pump pulsed regime where the thermal eﬀects are overcome and only
the blue-shift is observed.
Rate equations analysis
A further analysis of the emission characteristics of our QWrs based PCM laser has
been done solving the microcavity laser equations [22, 150]:
푑푁
푑푡
= 푅푝 − 푁
휏푟
− 푁
휏푛푟
−퐺(푁)푃. (5.1)
푑푃
푑푡
= Γ퐺(푁)푃 + 훽
푁
휏푟
− 푃
휏푐
. (5.2)
Here, 푁 stands for the carrier density, 푃 is the photon density, 푅푝 is the incident
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pump rate, (휏푟, 휏푛푟, 휏푐) are the radiative, nonradiative and cavity photon lifetimes,
respectively, Γ is the conﬁnement factor, and 퐺(푁) is a linear gain function 퐺(푁) =
푔 푐
푛푒푓푓
(푁 − 푁푡푟) with 푔 standing for the diﬀerential gain coeﬃcient and 푁푡푟 for the
transparency carrier density. The 훽 represents the rate of the spontaneous emission
into the lasing mode over the total spontaneous emission in all the modes.
In equation 5.1, the ﬁrst term represents the pumping rate; the second term rep-
resents the spontaneous emission decay which is enhanced in a PCM due to the
Purcell eﬀect; the third term is the non-radiative losses, and the last term the decay
of the excited state due to the stimulated emission (also called the stimulated emis-
sion term). In equation 5.2 the ﬁrst term represents the optical gain, i.e., the gain
of photons due to the medium optical gain; the second term represents the photon
spontaneous emission in the lasing mode (the gain of photon due to the spontaneous
emission into the lasing mode), and the last term the photon cavity losses (given by
the Q).
Figure 5.7 shows the L-L curve in double log scales and the evolution calculated using
the indicated spontaneous emission factors 훽. The value of 휏푐 was obtained directly
from the measured 푄 =55000. The radiative lifetimeg 휏푟 = 2 ns is approximated
by the characteristic of these QWrs at 77 K [181] and Γ ∼0.02 can be estimated
for our PCM lasers from the cavity mode volume and the overlap with the active
medium. The non-radiative rate is given by 1
휏푛푟
= 푣푠
푑푎
+퐶퐴푢푔푁
2 with the propagation
distance 푑푎 and velocity 푣푠 for surface recombination and the Auger recombination
coeﬃcient given by their nominal values in InP [150]. We have varied 푁푡푟, 훽 and
푔 looking for the best ﬁt to our data. Since these parameters are not independent,
the value of 훽 can not be determined without knowing the material gain 푔×푁푡푟. In
our case, given the high Q value, 푁푡푟 = 2± 0.5× 1017 cm−3 can be estimated from
the position of the threshold with reasonable accuracy in a broad range of (훽, 푔)
from (0.02, 10 × 푔0) to (0.2, 100 × 푔0), where 푔0 = 3.0 × 10−16 cm2. Assuming a
material gain ≈ 1500 cm−1 as for an InGaAs QW (lower gain is not expected for
the QWrs) [150], we deduce a spontaneous emission factor 훽 = 0.06 for our PCM
laser based in a single layer of QWrs. As expected for one dimensional systems, the
gCourtesy of J. Canet-Ferrer, G. Mun˜oz Matutano, and Prof. J. Mart´ınez Pastor from Univer-
sidad de Valencia.
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transparency carrier density calculated this way is one order of magnitude smaller
than in samples with QWs [183, 150] but still substantially larger than the value
reported for PCM lasers with InAs/GaAs QDs [22, 184]. Our analysis suggests,
within the uncertainties above mentioned, a diﬀerential gain 푔 = 7.7 × 10−15 cm2
and a spontaneous emission factor much larger than in conventional lasers.
5.2 Laser emission under pulsed excitation
5.2.1 Introduction
One of the characteristics of the PCM is that can exhibit a discrete modal spectrum
with well separate modes and in the spectral region among the modes the sponta-
neous emission is strongly inhibited [46, 18]. Taking advantage of this, several high
eﬃciency PCM lasers have been fabricated on diﬀerent materials and with diﬀerent
active medium [22, 174, 23, 80, 164].h Typically a non-degenerate and high Q mode
is selected providing single mode laser operation. In addition, the lineshape well
above the threshold is lorentzian [83] and the linewidth collapse is prevented by
carrier-carrier interaction of the gain media [185].
Our PCM laser consist of a L7-type PCM [107] fabricated on an InP slab containing
as active material a single layer of self-assembled quantum wires (QWrs). The
optical pumping is non resonant and it is pulsed. Room temperature (RT) laser
emission at 1.5 휇m with Q≃55000 and efective pump power thresholds below 2
휇W have been measured. As the excitation power is increased, the peak lineshape
evolves from a lorentzian to an asymmetric lineshape. Just above threshold the
fundamental mode broadens and the lineshape becomes increasingly asymmetric
towards lower energies. Increasing further the excitation density diﬀerent peaks
appear predominantly at lower energies. The energy splitting among these peaks
increases with the excitation power.
hFor a more detailed description see Section 5.1.1.
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Figure 5.8: a) Logarithmic plot of the measured spectra around the threshold value.
b) Linear plot of the spectra above the threshold. The zero at the 푥 axis represents
the peak energy at the threshold.
5.2.2 Optical characterization
The sample was characterized by 휇-PL spectroscopy. A description of the experi-
mental set-up is showed in the Sect. 5.3.1. All our measurements were performed at
room temperature (26±0.1∘C) with the sample held in a close-loop Peltier module.
The fabricated PCMs were optically pumped by a 785 nm diode laser. This energy
of excitation is well above the electronic InP gap and non resonant with any QWr
transition. The excitation spot was focused over the sample by means of a 20×
microscope objective (0.40 NA) with a spot size (∼1.5 휇m). The emitted light was
collected by the same objective and focus in a single mode ﬁber connected to a 0.85
m focal length double spectrometer using a cooled InGaAs photodiode array or a
near infrared photomultiplier as detector. Due to the high thermal resistance of an
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air suspended membrane the heating eﬀects can be important, preventing in some
cases the laser emission [64], stable laser action [186] and producing an emission
redshift. In order to avoid the thermal issues short excitation pulses with long dwell
times must be used. In our case, we chose 25 ns pulse widths which should be long
enough to achieve a stationary state regarding the QWrs dynamics at RT. With a
duty cycle of 2.5%, this translates into pulsing frequency of 1 MHz.
Low excitation
Figure 5.8 a) shows a logarithmic plot of the spectra of emission of a PCM for
an increasing excitation power around the threshold. It can be observed that the
spectra evolves from a lorentzian shape, for excitation power below the threshold,
to an asymmetric lineshape toward low energies just above this power excitation.
Figure 5.8 b) shows the emission spectra slightly above the threshold. The asym-
metric lineshapes towards low energy are clearly observed. Since the lineshape of a
laser above the threshold is lorentzian and the linewidth decreases as the excitation
power is increased, the asymmetric lineshape, and the increasing width of the peak
with the excitation power were unexpected in our laser.
Let us consider the excitation power range lower than three times the threshold value
for two of the PCMs fabricated. In this range of excitation power only one peak
is observed in the PL spectra. In ﬁgure 5.9 are plotted the peak position (휆) and
Q푚 (deﬁned as 휆/Δ휆, which is a measure of the linewidth of the peak) as function
of the average excitation power for two of the PCM fabricated. In addition, the
integrated emission intensity versus the excitation pump power is also plotted. The
red line indicates the excitation pump power threshold. The value of the threshold
pump power has been obtained by the procedure described in Section 5.1.3. The
ﬁrst remarkable aspect is the evolution Q of both structures. The ﬁrst one has
푄 ∼ 45000, which is considered as the value 휆/Δ휆 just below the threshold pump
power and the second one 푄 ∼ 55000. Above the threshold power the value of 휆/Δ휆
tends to decrease. An increasing of the linewidth with the excitation pump power
was measured by F. Bordas et al. [164] in a sample with InAs/InP QDs operating at
1.5 휇m. The second remarkable characteristic is the evolution of the peak position
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Figure 5.9: Quality factor Q푚=휆/Δ휆, peak wawelengh position (휆) and integrated
PL intensity plotted as function of the incident average pump power. a) PCM
emitting around 1518.5 nm. b) PCM emitting around 1539.5 nm.
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with the excitation power. The change in the peak position can be due to the
thermal eﬀects (red-shift) and the saturation of the material absorbtion (blue-shift).
In our case, the monotonous blue-shift behavior of the peak should be due to the
absorbtion reduction [164]. This behavior is similar to the one observed in PCM
laser in the pump pulsed regime where there was an initial fast blue-shift becoming
slower as the excitation power was increased [183]. The third data to remark is
the average threshold pump power of both devices, 푃푒푥=5.37 휇W and 푃푒푥=4.43
휇W, which translates in an absorbed pump power of 푃푒푓푓=1.3 (1.1) 휇W, since the
absorbtion of the material is estimated on ∼24 % by the same procedure that in
Section 5.1.3. This value is close to the one found for samples with InAs/InP QDs
operating at 1.5 휇m [80, 164].
High excitation
If we keep on increasing the average excitation power the diﬀerences with a “conven-
tional” laser become more evident. Figure 5.10 shows contour plots in log color scale
of the emission spectra for two PCM obtained spanning a much broader excitation
range. As it can be observed, the laser threshold is just the vertex of the pyramid.
Two regions have been highlighted and plotted separately in Fig 5.10 c) the Region 1
and 5.10 d) Region 2, in order to show in more detail the complexity of the spectra.
Region 1 corresponds to the excitation range just above threshold where the spec-
trum changes from one single peak to multiple peaks. The number of peaks and
their relative splitting increases with the excitation power leading to two distinct
groups at high energy and low energy.
In region 2 the high energy peaks disappear smoothly (after P1 cross P0) and let
behind an edge-like emission. Extrapolating the position of Edge 1, at higher energy,
towards the low excitation region, we observe that it crosses the position of the
fundamental mode just on the threshold. Edge 2, on the other hand, seems related
with the disappearance of the high energy peaks and it shifts rapidly to the red until
it merges with the low energy peaks group.
A further analysis inside this laser behavior has been done using the microcavity
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Figure 5.10: Contour plots in logarithmic scale showing the evolution of the emission
spectra with the average excitation power. a) , b) two diﬀerent PCMs. c), d)
Detail plot of the region highlighted at a). Red dots indicate the position of the
peaks/edges.
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Figure 5.11: Log-log plot of the integrated PL emission intensity versus the average
excitation pump power. Blue for the fundamental peak. Green dark dots for full
spectrum peaks. Red line: Fitting curve.
laser equations. The microcavity laser equations used and the ﬁtting procedure have
been explained in the Section 5.1.3. In this case, the idea behind the use of the laser
equations is to be able to compare the theoretical L-L curve with the measured one.
We are more interested in the shape of the L-L curve rather than in the obtention
of the precise values of the diﬀerent parameters (훽, ...), contrary to the case in
Section 5.1.3. Fig. 5.11 shows two diﬀerent L-L curves of the PCM emitting around
1518 nm, and the ﬁtting using the microcavity laser equations (red color line). The
ﬁrst L-L curve (blue dots) is obtained integrating the ﬁrst peak that appears in the
emission spectra, (P0 in Fig. 5.10 c)). The second L-L curve (dark green dots) is
obtained integrating all the peaks of the spectra. When the curve is ﬁtted to the
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Figure 5.12: Integrated intensity for varying linear polarization angles and average
excitation powers (cavity horizontal). Lines indicates a guide to the eye.
laser equationsi, the behavior of our system only can be adjusted considering all
the spectrum peaks. This points out that all the spectrum is behavior like a (single
mode) laser.
Finally, we have evaluated the far ﬁeld polarization of the modes. Fig. 5.12 shows the
polar diagram measured for three diﬀerent excitation powers. The cavity mode was
strongly linearly polarized perpendicular to the cavity defect independently of the
excitation density and QWrs orientation. This is expected from symmetry properties
of the electromagnetic mode ﬁeld distribution (see, Section 5.1.2).
iThe parameters used for the ﬁtting are the same that in Section 5.1.3, including the 훽. In this
case the variate parameters were the transparency current and the diﬀerential gain.
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5.3 Summary
Room temperature laser emission at 1.5 휇m using a single layer of self-assembled
InAs/InP QWrs embedded in a L7 PCM with a Q≃55000 has been demonstrated.
Under non resonant continuous wave optical pumping an eﬀective power threshold
of 22 휇W has been measured. The characteristics of our laser as extracted from the
analysis of the laser rate equations are in between QD and QW PCM lasers operated
under similar conditions.
In the pump pulsed regime threshold values below 2 휇W of eﬀective excitation
power have been measured. Below the threshold, the device shows lorentzian line-
shape emission, whereas just above the threshold the lineshape becomes asymmetric
towards lower energies. If the excitation power is increased the multipeaks appear
on the spectra. Energy splittings in the meV and in the 휇eV ranges as the excita-
tion power is increased have been measured. Altogether, the results draw a spectral
scenario very diﬀerent from the expected for a regular semiconductor photon laser.

Chapter 6
Fabrication of PCM on GaAs
for quantum photonic devices
The fabrication process of photonic crystal microcavities on GaAs material is described.
Diﬀerent kinds of photonic crystal microcavities have been fabricated looking for suitable
PCMs for quantum photonic devices. Coupling between the embedded quantum nanostruc-
tures and the cavity modes have been obtained. Single photon emission from a quantum ring
embedded in the photonic crystal lattice has been demonstrated.
6.1 Motivation
There is a strong demand in the telecommunications market to use devices that
can transmit information in a secure way using optical quantum cryptography. The
possibility of using quantum states has been conﬁrmed in the recent years, using
“table-top” setups that include quantum photonic devices such single photon emit-
ters (SPEs) [82]. One of the main goal is to obtain SPEs in the microscale, that can
be integrated and packed like today’s laser diodes used for telecom. A good approach
consists of the use of semiconductor nanostructures, like a quantum dot (QD), in-
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side of an optical cavity [187], like a photonic crystal microcavity (PCM). These
nanostructures are grown by molecular beam epitaxy (MBE) on GaAs substrates,
or more recently, on InP substrates. Due to this, it was necessary to development a
fabrication process of photonic crystals (PCs) on GaAs material in order to obtain
the semiconductor nanostructure (QD or quantum ring (QR)) coupled to a PCM
mode. This chapter describes the work developed on the fabrication of PCs on GaAs
material, and describes some results related to their performance as quantum light
emitters.
6.2 Introduction
An increasingly important research ﬁeld that involves the area of the semiconductor
solid state physics and photonics is the ﬁeld of the quantum information processing.
The generation of single photon on demand and the ability to manipulate it is a
key element of that ﬁeld [188]. The generation of a single photon stream with in-
distinguishability, high repetition rate in high eﬃcient sources is very important not
only in quantum cryptography but also in quantum information processing [187].
In this context, since the demonstration of the MBE QDs as trigger single photon
sources [189] an important eﬀort has been done in order to improve their proper-
ties [190]. In this task the PCMs play an important role enabling the obtention of
fast single photon sources, due to its low modal volume exhibiting a high Purcell
eﬀect with moderate values of the quality factor (Q), providing high degree of indis-
tinguishability and high eﬃciency [191]. Moreover, the generation and transfer of
single photons in a PC chip has been already demonstrated [32]. On the other hand,
the ability to manipulate each photon individually and the availability of two-photon
logical gates are required for the quantum information processing with photons [192].
Due to the low environment interaction of the photons, such elements require a non-
linear medium with low losses. A strong non linear behavior is obtained close to the
transition frequencies of an emitter, especially if the emitter is strong coupled to a
microcavity mode [135]. In this context, the development of high Q microcavities
with QDs embedded as non linear medium to obtain the strong coupling regime, is
a mandatory task [15, 16]. Several functionalities have been demonstrated like the
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transmission control in a PCM coupled to a single QD [135, 5] or the photon phase
control at the single photon level [193]. Furthermore, a QD strongly coupled to
the cavity modes of a PCM has been proposed as an eﬃcient source of polarization
entangled photons [194]. Finally, high Q PCM with a few QDs as active medium
has been demonstrated as a high eﬃcient and low threshold microlaser source [22],
and single QD lasing in a PCM has been obtained [195]
Our approach is based in the use of QRs instead QDs. The QRs present several
advantages over the QDs. The oscillator strength of the excitonic ground state of the
QRs is three times higher than for QDs [196]. On the other hand, the QRs open new
paths to study the magnetic ﬁeld eﬀects due to the shape of the nanostructure [197].
L3-kind [12] and Calzone-kind [198] PCMs have been fabricated in samples with a
single layer of self-assembly In(Ga)As/GaAs QRs. Coupling between the QRs and
the cavity modes has been obtained. Single photon emission from a QR embedded
in the PC lattice has been demonstrated.
6.3 Design and fabrication
6.3.1 Epitaxial material
The design of the photonic device consists of a single layer of self-assembled In(Ga)As
QRs grown by solid source MBE and embedded in a 158-nm-thick GaAs slab. An
Al0.7Ga0.3As layer of 500 nm thickness is used as sacriﬁcial layer for the membrane
realization.a Details about the epitaxial material growth can be found at Ref. [199].
However a brieﬂy description concerning size and distribution is shown here, due
to its relevance for the ﬁnal device. Fig. 6.1 a)b shows an atomic force microscope
(AFM) image of an uncapped layer of QRs. This layer was grown on the top of
the wafer in the same conditions that the embedded in the middle of the slab in
order to obtain the nanostructrures shape, size and density. The QRs density is
8×109 QR cm−2 (∼80 QR 휇m−2). AFM micrographs show a ring morphology with
aThe epitaxial material was provided by Dr. D. Granados and Dr. J. M. Garc´ıa
bAFM image courtesy of A. G. Taboada
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Figure 6.1: a) Atomic force microscope (AFM) image of an uncapped sample of
self-assembled InAs/GaAs QRs. b) Photoluminescence spectrum of the quantum
rings sample without photonic crystal structure.
an inner radius around 20 nm (measured from the bottom of the hole to the top of
the ring) and an outer radius around 50 nm in the [1 1 0] direction. These values
are 20% smaller in the [110] direction due to the bigger diﬀusion of In in the [1
1 0] direction. Cross sectional scanning tunnel microscopy (X-STM) images were
recorded on QRs samples grown in the same conditions in the same MBE reactor.
The images show a small In-rich asymmetric crater-like shaped core. They have
smaller radius (10 nm) and larger height (2.5 nm) than the ring-shaped islands
measured by AFM. Although the ring shape is not preserved after the capping
process [200] the conﬁnement potential preserves its ring character since Aharonov-
Bohm related oscillation have been measured in magnetotorsion experiments [201].
Fig. 1.1 b)c shows photoluminescence (PL) emission spectra of the QRs sample at
20 K. The emission spectra spread from the 900 nm to 1020 nm where two size
distributions of QRs are observed.
cPhotoluminescence measurement courtesy of Dr. D. Granados.
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Figure 6.2: a) Sketch of calzone cavity. Normalized electric ﬁeld patterns: b) 퐸푥,
d)퐸푦. c) Normalized E-ﬁeld intensity.
6.3.2 Photonic crystal structure
The selected PC structure was the triangular lattice of air holes which presents a
large photonic band gap (PGB) for the even modes (휎푥푦 = +1), also called TE-like
modes. Two kinds of PCMs are created: the L3 cavity and the “calzone” cavity.
The L3-type cavity is created ﬁlling three holes along the Γ퐾 direction of the trian-
gular lattice[12]. The parameters selected for the structure were the lattice constant
푎=250 nm, the holes radius 푟/푎 = 0.3, and the slab thickness 푑/푎 = 0.62. This
gives a low energy resonant mode for the L3 cavity at 휔푎/2휋푐 ≃ 0.259, with high
Q ∼5700 and small modal volume 푉 ∼ 0.6(휆/푛)3. In addition, it is well frequency
isolated from the higher order modes [178]. The simulation of the L3-PCM has been
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performed by 3D-FDTD [109]. The fundamental mode has “well-deﬁned” symmetry
properties, i.e., the 퐸푦 ﬁeld pattern is symmetric with respect to the XZ plane and
the YZ plane and the 퐸푥 antisymmetric with respect to those symmetry planes (the
L3 cavity lies in the X direction). These symmetry properties are the same than the
fundamental mode of the L7 PCM (see Chap. 5). Taking into account that double
symmetric (with respect to both X, Y axes) is required for the coupling to the ex-
actly vertical scattering states of the ﬁeld component and that doubly antisymmetric
(with respect to both axes) produce the cancelation of the overlap between the con-
ﬁned states and scattering states, the ﬁeld component considered is inhibited [178].
Then, the fundamental mode exhibits a far ﬁeld polarization perpendicular to the
longitudinal plane of the cavity. On the other hand, the cavity can be tuned in order
to obtain very high Qs [12, 178]
The calzone cavity was created in the triangular PC lattice ﬁlling only one hole. The
ﬁrst closest line of holes is truncated and shifted (inwards/outwards) (see Fig. 6.2
a)) in order to improve the Q of the resonant modes. This cavity has two low
energy modes which are energy degenerated and exhibit perpendicular polarization
(as happens in the H1 PCMs [156]). In addiction, these modes present high (Q∼
25000) and small modal volume (푉 ∼ 0.5(휆/푛)3) [198]. These characteristics make
the cavity suitable for the obtention of polarization entangled photons [198, 194].
In our case, the parameters selected were: the lattice constant 푎=230 nm, the hole
radius 푟/푎=0.31, the slab thickness 푑/푎=0.69, and the truncated holes are shifted
inwards 14 nm. The resonant frequency of the fundamental modes 휔푎/2휋c=0.25.
Fig. 6.2 shows the ﬁeld proﬁles of one of the fundamental modes calculated by 3D-
FDTD. In analogous way that in the case of the fundamental mode of the L3/L7
PCM, it has “well-deﬁned” symmetry properties and hence the polarization. The
other degenerated mode is ninety degrees rotated with respect to the previously
shown one exhibiting perpendicular polarization.
6.3.3 Fabrication
In our path to the fabrication of PCMs on GaAs two processes have been used. The
ﬁrst one uses a SiO푥 hard mask and combined reactive ion beam etching (RIBE)
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Figure 6.3: Scanning electron microscope image of the fabricated L3-type photonic
crystal microcavity. Left: Complete PC structure. Right: Detail of the center of
the structure.
and reactive ion etching (RIE)d. The second one uses only one mask, e-beam resist
ZEP-520A, and inductive coupled plasma (ICP) etching for transferring the pattern
directly from the resist to the semiconductor material.
Process with SiO푥 hard mask
A 200 nm-thick 푆푖푂푥 layer was deposited by plasma enhanced chemical vapor depo-
sition (PECVD) on top of the GaAs epitaxial material. The sample was spin-coated
with PMMA-A4 resist at 5000 rpms during 30 s, and baked in an oven at 170 ∘C
for 70 mins. The PCMs were fabricated by e-beam lithography at an acceleration
voltage of 25 kV, where the cavity defect is surrounded by eleven holes. At this
time the NanoPECS module was not available in our e-beam lithography system. In
order to reduce the proximity eﬀect, low beam currents were used (∼ 5 pA), giving
a long e-beam time for the patterning. After development (see condition Chap. 2)
the pattern is transferred to the SiO푥 hard mask by RIBE. The chamber pressure
was kept at a base pressure of ∼ 2 × 10−7 Torr. Flows of 5.6 SCCM of 퐶퐻퐹3
and 4 SCCM of 푁2 were injected, yielding a chamber pressure of ∼ 3 × 10−4 Torr.
A beam voltage of 250 V and an accelerating voltage of -450 V were selected for
the etching process. The sample steel plate was not refrigerated and was rotating
during all the etch process. The PMMA-A4 remanent resist was eliminated by hot
dSeveral trials with the ion-milling (RIBE with Ar gas) for etching the GaAs material were done.
Holes with strong conicity and surface roughness were obtained and the process was rejected.
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Figure 6.4: Scanning electron microscope image of the fabricated Calzone-type pho-
tonic crystal microcavity. Left: Complete PC structure. Right: Detail of the center
of the structure.
acetone and oxygen plasma (see conditions Chap. 2). The transferring of the hard
mask to the GaAs material was done by RIEe using SiCl4 and Ar gas mixture. The
parameters optimized for the etching were: a ﬂow of SiCl4 of 8.2 SCCM, a ﬂow of
Ar of 2.2 SCCM and a coil power of 150 W. The chamber pressure was kept at
the lowest value in order to maintain a stable plasma discharge. Finally, in order
to obtain the PC membrane the sample was submerged in hydroﬂuoric acid water
diluted 퐻퐹 (1) : 퐻2푂(5) and time controlled (∼30 s). It is important to note that
the etching speed is very sensitive to the aluminium fraction (푥) of the Al푥Ga1−푥As
sacriﬁcial layer. Fig. 6.3 shows an SEM image of a fabricated PC membrane. The
L3 PCMs, which spectra will be shown, have been fabricated by this method.
Process without SiO푥 hard mask
f
A way to simplify the fabrication process is to overcome the hard mask step on the
fabrication process. This method has been applied in diﬀerent research groups [202,
203]. The PMMA-A4 resist is replaced by ZEP-520A resist which has been proved
to be more resistent than PMMA-A4 in the RIE etching process [204]. The pattern
is transferred from the resist to the GaAs material in only one step. The sample
was spin coated with ZEP-520A resist at 3000 rpm during 30 s in order to obtain a
eAt this time there was not RIE machine at the IMM. The etching was performed at the Instituto
de Sistemas Optoelectro´nicos y Microtecnolog´ıa (ISOM-UPM), Universidad Polite´cnica de Madrid.
fThe approach to this fabrication process was done at the laboratory of Prof. E. L. Hu at UCSB
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Figure 6.5: Spectra measured for three L3-PCM microcavities fabricated with dif-
ferent value of the radii.
resist thickness of 420 nm. The baking of the resist was performed at 175 ∘C for 150
s in a hotplate. An acceleration voltage of 100 kV and an e-beam current of 100 pA
were used for the resist exposure. At this acceleration voltage the proximity eﬀect is
negligible and no proximity correction is necessary. After the e-beam exposure the
sample was developed by submersion during 60 s in N-Amyl-acetate, 10 s Methyl
isobutyl ketone (MIBK) and 10 s on Isopropanol. ICP etching was performed using a
three gases mixture maintaining the chamber pressure at 2.6 mTorr. The conditions
of the process were: a ﬂow of Cl2 of 3 SCCM, a ﬂow of BCl3 5.6 SCCM and a ﬂow of
Ar 12 SCCM. The ICP-power used was 600 W and the DC bias 80Wg. The time of
the etching process was 150 s. The remanet of resist was removed by means of UV
exposure and remover 1156. Finally, the PC membrane was obtained by submerging
the sample in a hydroﬂuoric acid water diluted 퐻퐹 (1) : 퐻2푂(5) and time controlled
(∼30 s). Fig. 6.3 shown an image of a fabricated membrane and one of the sample
after the dry etching. The calzone PCMs were fabricated by this method.
gThe ICP system used does not measure the bias voltage.
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Figure 6.6: Polarization resolved spectra measured for a Calzone cavity. Red line
polarizer axis along the X direction. Blue line polarizer axis along the Y direction.
6.4 Optical characterization
The optical characterizationh was performed by microphotoluminescence (휇-PL)
spectroscopy at low temperature in the range (∼ 10 K - 100 K) in a continuous
ﬂow helium cryostat. The structures were continuous wave (CW) optically pumped
with a HeNe laser or Ti-saphire laser. An objective lens is used to focus the excita-
tion spot (diameter ∼ 2-3 휇m) over the sample. The emitted light was collected by
the same objective lens and focused in a double spectrometer. A cooled CCD was
used as detector.
Figure 6.5i shows the measured emission spectra of a L3 PCM microcavity where
the 푟/푎 ratio has been changed. A decrease of the wavelength of emission is observed
as the ﬁlling factor is increased, due to the shift of the PCM modes towards high
hThe optical measurement shown in this section has been performed at the Prof. Jose´ Manuel
Calleja laboratory in the UAM.
iSpectral measurements performed by Dr. H. Van der Meulen and Dr. D. Sarkar from Univer-
sidad Auto´noma de Madrid.
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Figure 6.7: Left: Spectrum measured from an isolated QR immerse in the PC lattice
area. Righ: Autocorrelation function measured for the excitonic transition of the
QR.
energies. The fundamental and higher energy modes are observed in the spectra.
Q values as high as 3300 have been measured for the fundamental mode[113]. This
value is close to the best values published for L3 PCM [178]. Fig. 6.6j shows the
polarization resolved spectra of one of the calzone cavities fabricated. The two low
energy modes show an energy splitting due to the fabrication imperfections. This is
the common case of the degenerated cavity modes [205]. On the other hand, when
the intensity of emission of one mode is maximized by adjusting the polarization
angle the other mode shows a minimum of intensity. Changing the polarization
ninety degrees the same behavior is observed with the modes changed. This points
out that both modes have perpendicular polarizations as expected from the near
ﬁeld cavity mode calculations.
One way to obtain a single photon emitter from an InAs/GaAs QRs in a high density
sample is to use a PC lattice. In that case the PC lattice has two functions. The ﬁrst
one is to isolate a single QR drilling the semiconductor material. In a sample with
high density of QRs there is a very low probability to ﬁnd an isolated semiconductor
nanostructure. Also the nanostructure has to be coupled to a cavity mode which
decreases the probability even more. The second one is to enhance the extraction
jSpectral measurements performed by E. Gallardo from Universidad Auto´noma de Madrid.
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eﬃciency through the redistribution of the spontaneous emission inside the photonic
band gap [11]. Using a triangular PC lattice (see inset Fig. 6.7 left) the emission of
a single QRs isolated in the triangular lattice has been measured. The parameters
of the lattice are: 푎=226 nm and 푟=65 nm, giving a separation between the air hole
surfaces of 96 nm. Fig. 6.7k left shows the emission spectrum of the QRs isolated
in the PC lattice for an excitation power of 10 휇W. The excitonic and biexcitonic
transitions have been identiﬁed through the emission intensity dependence with
the excitation power [189]: linear behavior for the exciton transition and quadratic
dependence for the biexciton [206]. Fig. 6.7푘 right shows the autocorrelation function
of the excitonic transition measured in a Hanbury Brown and Twiss (HBT) set-up.
A description of a HBT set-up can be found at Ref. [190]. The measured value of
the 푔2(0) ≃0.5. After the background correction and the deconvolution with the
temporal response of the detectors a value of 푔2(0)=0.34 is obtained [206]. This
value of 푔2(0) <0.5 is indicative of single photon emission.
6.5 Summary
PCMs have been fabricated on GaAs material with a single layer of InAs/GaAs
quantum rings. A fabrication process combining RIBE and RIE has been developed.
Coupling between the cavity modes and the quantum rings has been demonstrated.
A fabrication process without hard mask has been used to fabricate PC structures.
Single photon emission from a QR embedded in the PC lattice has been measured.
kSpectral measurements performed by E. Gallardo and A. Nowak from Universidad Auto´noma
de Madrid.
Chapter 7
Conclusions
The results obtained in this Thesis can be summarized as follows:
1. An enhancement of the intensity of emission between 4 and 7 times (1.9 times
at k=0 point) has been measured for the “ﬂat band” of the Suzuki-phase lattice
on top of a bottom Bragg reﬂector. This new photonic structure provides
a photonic band conﬁguration that includes the TM-like modes due to the
breaking of the mirror symmetry.
2. Laser emission with high quality factor (Q≃12000) has been measured on a
wide area PC structures with vertical emission using the hybrid triangular-
graphite PC lattice. This structure provides a new mechanism of formation of
Bloch modes with high Qs around the Γ-point.
3. Laser emission (continuous wave) has been obtained on L7 photonic crystal
microcavities (PCMs) with a single layer of self-assembly InAs/InP quantum
wires (QWrs). Qs as high as ≃ 55000 have been measured in structures with
intrinsic 푄=70000. It has been demonstrated that the spatial alignment be-
tween the QWrs an the cavity plays an important role. The behavior under
pulsed excitations shows asymmetric lineshapes and peak splittings in the meV
and in the 휇eV ranges as the excitation power is increased.
4. PCMs with In(Ga)As/GaAs quantum rings embedded have been designed and
fabricated; the emission of the PC lattice has shown single photon emission.
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This process opens ways to future work on solid state quantum information
and quantum computing technology.
Appendix A
High Q PCM based in a Γ-point
of the hybrid lattice
The third photonic band of the hybrid triangular-graphite lattice presents a high
quality factor (Q) for a large range of in-plane (푘∣∣) vectors around the Γ-point,
which can overcome the vertical optical losses in a ﬁnite size structure. Using this
advantage a defect is created in the lattice in order to obtain a high Q photonic
crystal microcavity (PCM) mode based on a Γ-point (above the light line). This
kind of optical conﬁnement was proposed by L. Ferrier et al. for obtaining high
Q slow-Bloch modes above the light line in the square lattice of dielectric rods
embedded in air [137, 81].
The third Γ-point of the hybrid triangular-graphite lattice is selected for this pur-
pose. A slight increase of the ﬁlling factor of the lattice yields an increase of the en-
ergy of the photonic band (see Fig. A.1, red colora). As this structure is surrounded
by the same PC structure with a slightly smaller ﬁlling factor (lower energy band
position, see Fig. A.1, blue color) the lateral photon escape is inhibited inducing
a photonic-well conﬁnement [154, 137]. This, added to the high vertical Q of the
hybrid lattice for a large 푘∣∣ range, makes that a high Q for the PCM mode can
aIt is important to note that it is a two-dimensional simulation. The photonic bands are red-
shifted when a three-dimensional calculation is performed.
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Figure A.1: Two dimensional photonic band structure of the triangular-graphite
hybrid lattice on InP material (휖=10.1), where only even modes (휎푥푦 = +1) are
showed. Blue color: surrounding PC-lattice, 푅푔/푎 = 0.162, 푅푡/푎 = 0.14. Red color:
core lattice, 푅푔/푎 = 0.18, 푅푡/푎 = 0.16. Only the third band is plotted.
be expected. The parameters of the selected structure for the hybrid triangular-
graphite lattice (surrounded PC-lattice) were 푅푔/푎 = 0.162, 푅푡/푎 = 0.14, 푎=780
nm, with a slab thickness 푡 = 237 nm (air-bridge), and 휖 = 10.1 (InP material).
In order to create the defect in the structure the slight increment of the ﬁlling fac-
tor of the lattice was done at the center of the structure using the radii values of
푅푔/푎 = 0.18 and 푅푡/푎 = 0.16 in the “퐻1” central cell and the ﬁrst closest adjacent
cells. The hexagon of 푅푡 holes (lateral size 2푎), that are the border of the cavity
(see Fig. A.2), were ﬁxed to 푅푡/푎 = 0.15 since a slight and continuous change in
the hole radius decreases the optical losses [207, 68]. The lateral size of all the
structure was ﬁxed to 15휇m× 15휇m to minimize the in-plane losses. A 3D-FDTD
simulation (Lumerical code [109]) of the structure was performed using symmet-
ric conditions in order to reduce the computing requirements. A rectangular mesh
(푥, 푦, 푧) was used for the 3D-FDTD simulation with a meshing step of 푑푥 = 푎/15
√
3,
푑푦 = 2푎/45, and 푑푧 = 푡/10. Fig. A.2 shows both the normalized 퐻푧 ﬁeld and the
electric ﬁeld intensity ∣퐸∣2 proﬁles of the PCM cavity mode. The frequency of the
mode is 휔푎/2휋푐=0.479, with a 푄 ≃ 148000, 푉 ≃2.7(휆/푛)3, and a 푛푒푓푓 ≃ 2.7, which
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Figure A.2: Left: Normalized proﬁle of the magnetic 퐻푧 component. Right: Nor-
malized E-ﬁeld intensity. Doted lines represents the cavity border.
provides a potential Purcell eﬀect of 퐹 = 4100. The far-ﬁeld pattern has been cal-
culated using the tool provided for the Lumerical package. From this data, a coarse
estimation of the fraction of photons that can be collected in a small vertical angle
can be done. In agrement with to this, it is obtained that a ∼ 30% fraction of the
emitted light is collected in a ±15∘ angular range.
Further optimization of the PCM has to be done in order to increase the directional-
ity of the emission that will increase the fraction of photons in the smallest collection
angle possible, for example by tuning the slab bottom air-gap [41].
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 PB Photonic Band
 PBG Photonic Band Gap
 PC Photonic Crystal
 PCM Photonic Crystal Microcavity
 PCW Photonic Crystal Waveguide
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 PL PhotoLuminescence
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 PR-ARP Polarization-Resolved Angle-Resolved Photoluminescence
 Q Quality factor
 QD Quantum Dot
 QED Quantum ElectroDynamics
 QR Quantum Ring
 QW Quantum Well
 QWr Quantum Wire
 RIBE Reactive Ion Beam Etching
 RIE Reactive Ion Etching
 RMS Root Mean Square
 RT Room Temperature
 SEM Scanning Electron Microscopy
 TE Transversal Electric
 TM Transversal Magnetic
 V Modal Volume
 VCSEL Vertical-Cavity Surface-Emitting Laser
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